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Carbon fiber-reinforced plastic (CFRP) laminates have gained 
increasing usage especially in the aerospace industry due to its high 
strength and stiffness, coupled with its lightweight properties. In the 
1980s, only 3% by weight of the Boeing 767 was made of CFRP. Today, 
this percentage has increased to 50% in the Boeing 787.  Some modern 
military aircrafts contain 70% by weight of CFRP.  
In the assessment of damage tolerance of a composite structure, 
the most critical source of damage has to be considered. Low-velocity 
impact that could be caused by dropped tools or runway debris has been 
found to be the most critical source of damage in composite laminates due 
to a lack of fiber reinforcement in the out-of-plane direction. Low-velocity 
impact loading is considered to be potentially dangerous because it 
causes Barely Visible Impact Damage (BVID) on composite materials such 
as embedded matrix cracks, delaminations and fiber failure. Such impact 
damage has been found to affect the residual compressive strength to the 
greatest extent due to buckling in the delaminated areas. As such, 
Compression After Impact (CAI) strength is of particular concern, and is 
adopted by industries to be an important measure of damage tolerance of 
composite materials.  
Extensive experimental research has been performed on the topic 
of low-velocity impact of CFRP laminates and its consequent CAI strength. 
Industries have also integrated FE simulation into part of their design 
process in order to minimize design costs and to achieve higher efficiency, 
thereby promoting extensive Finite Element (FE) analyses that have been 
performed to study the damage pattern on CFRP laminates arising from 
low-velocity impact, and to predict the CAI strength of impact damaged 
composites. The impact event and CAI test are two separate topics, often 
studied separately. In FE simulation models aimed at predicting the 
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resultant CAI strength due to low-velocity impact damage, a very 
approximate damage is usually pre-modeled into the FE model, neglecting 
matrix cracks and fiber failure. However, experimental studies have 
shown that the reduction in compressive strength due to impact damage 
is caused not solely by delaminations, but a complex interaction of matrix 
cracks, fiber breakage and delaminations. It is hence evident that there 
still exists a gap between experimental findings and the current capability 
of accurately emulating the findings in a computational model.  
With the purpose of bridging this existing gap, the overarching aim 
of this research is to devise an integrated FE simulation for the prediction 
of impact damage initiation and progression due to low-velocity impact 
and subsequently predict the residual CAI strength using the same 
damaged model. Such an integrated approach has the potential to be 
developed into a convenient design tool into which design engineers can 
input both the impact and composite plate parameters, and obtain the CAI 
strength value.  




To build a finite element model for the prediction of impact 
damage initiation and progression. The finite element model is 
validated by comparison with experimental results obtained from 
literature. 
II: CAI test To build a finite element model with pre-included damage 
(including both delaminations and matrix cracks) for the 
prediction of residual CAI strength from a given damage pattern. 
III: Integrated 
approach 
To integrate stages I and II into a single FE simulation such that 
CAI strength can be predicted directly from the impact damaged 
model, without having to pre-include an approximate damage for 
the purpose of CAI strength prediction. 
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CHAPTER 1  
INTRODUCTION 
 
Carbon Fiber Reinforced Plastics (CFRP) have found increasing 
applications in light-weight structural members, in fields of aerospace, 
automobile and marine due to their high performance index such as their 
high strength-to-weight and stiffness-to-weight ratios. CFRPs are 
significantly lighter than aluminum, yet they can be as strong and as stiff as 
steel. However, the damage mechanisms of FRP are still not very well 
understood.  
The main inhibiting factor that prevents the use of CFRPs from being 
more prevalent in industries is its susceptibility to impact damage due to 
low-velocity impact. The likelihood at which the body of an aircraft is 
exposed to low-velocity impact is very high, because low-velocity impact can 
be caused by seemingly trivial events such as the dropping of tools on the 
body of the aircraft during maintenance or by the impact of runway debris 
during takeoff or landing. Barely visible impact damage (BVID) arising from 
the low-velocity impact of CFRPs, namely matrix cracks, fiber breakage and 
delaminations interact with each other, leading to the complex nature of 
damage mechanisms in CFRP.  It is known that BVID will cause a significant 
reduction in compressive strength of the composite [1, 2]. Industries have 
thus adopted compression after impact (CAI) strength as a consideration in 
designing composite structures. With the increasing popularity of CFRP in 
industries, it is imperative that we predict the CAI strength of impact 
damaged composites as accurately as possible.  
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Many experimental studies have been performed over the years with 
the common goal of better understanding the impact and CAI behavior of 
FRP [3-8]. These experimental studies have formed the basis of our current 
understanding of impact behavior, including the impact-damage 
characterization and the resulting impact-induced reduction of compressive 
strength. It is from this basis that numerical, analytical and finite element 
analyses are formulated with the aim of CAI strength prediction [2, 9-11].  
Industries have integrated simulation into part of their design process 
in order to minimize design costs and to achieve higher efficiency, thereby 
promoting extensive studies that have been performed to better predict the 
CAI strength of impact damaged composites. These studies have contributed 
to the knowledge base of CAI strength prediction. The difficulty in modeling 
low-velocity impact on composite plates and its residual CAI strength 
prediction arises from the complexities of low-velocity impact damage. For 
the same incident energy, different combinations of impactor mass and 
velocities can have different effects on the impact response [12]. 
Furthermore, different sizes and layups of the composite plates would 
display different damage patterns. The differences in damage patterns in 
turn lead to differing residual compressive strength, or CAI strength.  
To the author’s knowledge, there is currently no CAI strength 
prediction model that allows for the user to obtain a predicted CAI strength 
value by specifying the impact energy, together with the composite laminate 
parameters and boundary conditions. In most CAI strength prediction 
models, the impact damage as observed from impact tests has to be manually 
included into the model. Through such a process, some damage details are 
inevitably lost. For example, in most CAI strength prediction efforts, only 
delaminations are modeled. Delamination growth is assumed to be the sole 
cause of compressive strength reduction on the account that delamination is 
the dominant damage mode causing compressive failure [10, 13-15]. 
3 
 
Furthermore, the delaminations modeled are generally assumed to take on 
simple circular or elliptical shapes. However, it has been found through 
experimental studies that the reduction of compressive strength due to 
impact damage is not caused solely by delamination, but by a complex 
interaction of matrix cracks, fiber breakage and delamination [16-20]. 
Studies investigating the interaction between the different damage modes 





1.1 Objectives of study  
 Although extensive experimental results exist to contribute to our 
current understanding of low-velocity impact damage and CAI behavior, 
there still exists a gap between experimental findings and the current 
capability of accurately emulating the experimental findings in a 
computational model.  
With the motive of bridging this existing gap, the overarching aim of 
this research is to devise an integrated FE simulation for the prediction of 
impact damage initiation and progression due to low-velocity impact and 
subsequently predict the residual CAI strength using the same damaged 
model. The main rationale guiding this research is to avoid over-
simplification of the finite element models such that the predictions obtained 
are inaccurate, yet also to avoid having to model to an impractical and 
excessive level of accuracy such that the method loses its efficiency. 
With this main objective in mind, the research is broken down into 






To build a finite element model for the prediction of impact 
damage initiation and progression. The finite element model will 
be validated by comparison of the FE results with experimental 
results obtained from literature. 
An FE model capable of accurately predicting the impact damage 
sequence and extent of damage for different impact and 
composite laminate parameters is crucial for the accurate 
prediction of residual CAI strength.  
II: CAI test To build a finite element model with pre-included damage 
(including both delaminations and matrix cracks) for the 




To integrate stages I and II into a single FE simulation such that 
CAI strength can be predicted directly from the impact damaged 
model, without having to pre-include an approximate damage for 




1.2 Chapters overview 
Chapter 2 of this thesis covers the background knowledge required in 
this research, including the definitions of low-velocity impact and BVID, 
impact damage mechanisms of CFRP, and a literature review of selected 
studies relating to low-velocity impact and CAI strength prediction. Chapter 3 
details the finite element model formulated for this research. The chapter 
starts with a brief review of selected failure criteria and damage modeling 
techniques available, followed by a description of the modeling strategy 
adopted in the finite element model formulation of this research.  
Chapter 4 presents stage I of the research, where the finite element 
model is used to simulate low-velocity impact and to study low velocity 
impact damage initiation and progression. The purpose of this stage of the 
research is to predict the impact damage sequence and the locations, sizes 
and shapes of delaminations, matrix cracks and fiber failure as observed in 
experiments to an acceptable accuracy. Additionally, results from the various 
parametric studies conducted to investigate the influence of parameters such 
as ply thickness and ply angle variation on impact damage are presented in 
this chapter. 
Chapter 5 presents stage II of the research, where damage due to low-
velocity impact is approximately pre-modeled into the finite element model 
for the prediction of residual CAI strength. In this study, a combination of two 
different damage modes, namely matrix cracks and delaminations were 
included, and different damage shapes, sizes and locations were pre-modeled 
into the finite element model. The purpose of this stage of the research is to 
determine the dominant damage modes that have an influence on the 
residual CAI strength. To confirm the efficacy of this modeling technique, 
damage patterns of an impacted composite plate as observed from an 
experimental study were also modeled into the finite element model, and the 
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residual strength obtained from the finite element simulation was compared 
with the experimental value.  
Chapter 6 details the integrated approach in which CAI strength is 
predicted using the exact damage information obtained from the finite 
element simulations of low-velocity impact. Finally, chapter 7 presents the 






CHAPTER 2  
BACKGROUND OF RESEARCH AND LITERATURE 
REVIEW 
 
 As stated in chapter one, the overarching aim of this research is to 
devise an integrated FE simulation for the prediction of impact damage 
initiation and progression due to low-velocity impact and subsequently 
predict the residual CAI strength using the same damaged model. In the first 
portion of this chapter, the background information required for this 
research is expounded. Such background information includes the definition 
of various important terms involved in this research such as “low-velocity 
impact” and “barely visible impact damage (BVID)”, the various low-velocity 
impact damage mechanisms in CFRP materials and the importance of CAI 
strength as a damage tolerance measure.  
It has also been stated in chapter one that the main rationale guiding 
this research is to avoid the over-simplification of the finite element models 
such that the predictions obtained are inaccurate, yet also to avoid having to 
model to such an impractical and excessive level of accuracy such that the 
method loses its efficiency. To achieve this, a good understanding of the 
different computational modeling methods for low-velocity impact tests and 
CAI tests of CFRP materials adopted by other researchers is necessary. The 
second portion of this chapter contains a literature review focusing on the 





2.1.1 Fiber-Reinforced Composites 
 Structural materials are generally divided into four basic categories- 
metals, ceramics, polymers and composites. Composite materials consist of at 
least two constituent materials from the other three categories combined in a 
macroscopic structural unit. Composites are advantageous because they 
demonstrate desirable properties that are not achievable by either of their 
constituent materials acting alone [21]. However, the presence of two 
constituent materials having different material properties causes the 
material property of the composite laminate to be dependent on the 
direction and location of its individual plies, rendering it anisotropic and 
inhomogeneous unlike typical materials such as metals.  
 A common example of composite materials is the Fiber Reinforced 
Plastic (FRP), which is made of reinforcing fibers embedded in a matrix 
material. The material of focus in this study is polymer-matrix composite 
laminates reinforced by unidirectional carbon fibers, also known as Carbon 
Fiber Reinforced Plastics (CFRP).  
 CFRP has found widespread application especially in the aerospace 
industry, but the main concern of aircraft designers and airworthiness 
regulators is usually impact damage in the composite airframe components 
because of the high likelihood at which the body of an aircraft is exposed to 
low-velocity impact such as bird strikes or ice impacts during its flight and 
the impact of runway debris during takeoff or landing. During the 
maintenance of the aircraft, tool drops are also a source of low-velocity 
impact. Figure 2 provides the impact energy levels for a variety of different 





Figure 2 Impact energy of dropped tools [22] 
 
In order for engineers to design the components of the airplane such 
as the fuselage or the wing in a manner that makes use of CFRP efficiently, it 
is important that the failure mechanism of CFRP under low-velocity impact 
loading is relatively well understood.  
Low-velocity impact is not a threat to metal structures due to the 
ductile nature of metals allowing for large amounts of impact energy to be 
absorbed. When metals are impacted at lower incident energies, the energy 
is absorbed through both elastic and plastic deformation. The resultant 
permanent structural deformation has relatively insignificant effect on the 
load-carrying capability of the metal component because the local work-
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hardening is increased [23, 24]. Low-velocity impact is, however, a threat to 
brittle composite materials, causing barely visible impact damage (BVID) in 
the composite materials. When composite materials are subject to impact, 
the incident impact energy is absorbed mainly via elastic deformation and 
their various damage mechanisms, but not plastic deformation. The damage 
mechanisms such as matrix cracks, delaminations [25] and fiber fracture 
significantly reduce the strength and stiffness of the damaged composite 
structure. As such, low-velocity impact can cause the compressive strength of 
the CFRP laminate to be severely compromised. 
Figure 3 shows the strength comparisons between aluminum alloy 
and CFRP laminates. As seen in the comparison, the out-of-plane tensile 
strength obtained from unidirectional tensile tests in the out-of-plane 
direction of CFRP laminates is drastically lower than that of aluminum alloy, 
rendering low-velocity impact a threat to CFRP laminates.  
 
Figure 3 Comparisons of tensile strength obtained from unidirectional tensile 
tests of aluminum alloy and CFRP laminates in three different loading 




The low-velocity impact damage mechanisms of composite materials 
are interdependent on each other. The various damage modes interact with 
each other, causing the prediction of post-impact load-bearing capability to 
be a challenge. Unlike impact on metals, where damage due to the impact is 
easily detected on the impact surface, impact on CFRP induces damage on the 
non-impacted face and internally in the form of delamination between plies. 
Such Barely Visible Impact Damage (BVID), which occurs in composite 
materials, can severely degrade the structural integrity of the composite 
structure.  
 Different ways of determining the occurrence of BVID can be found in 
literature. This is because visibility is difficult to quantify since it is 
dependent on variables such as light conditions and the differences in human 
perception [22].  Boeing [26] has defined BVID to be small damages that may 
not be discovered during heavy maintenance, where general visual 
inspections using typical lighting conditions takes place from a distance of 
five feet. Such BVID is noted to have a typical dent depth of 0.01 to 0.02 
inches (or 0.254 to 0.508mm). Baker [22] described BVID as damage with 
indentations of up to 0.1mm, while de Freitas [27] determined that in BVID, 
indentations of up to 0.3mm can be accepted. In general, BVID is a term used 
to refer to damage that is embedded within the composite laminate such as 
interply delaminations and matrix cracks, and can be loosely defined as 
damage occurring in low-velocity impact cases where there is a significant 





2.1.2 Low-Velocity Impact 
During a typical low-velocity impact, the impactor velocity at the 
point of impact is gradually reduced as its movement is opposed by the 
deforming composite specimen. This deceleration is associated with a 
reaction force on the impactor. The kinetic energy is transferred to the 
laminate and temporarily stored as elastic strain energy. If the local strength 
of the material is reached, part of this energy starts to be dissipated through 
irreversible damage. The impactor velocity is reduced to zero as the 
penetration reaches a maximum, and thereafter the major part of the 
accumulated elastic strain energy is transferred back to the impactor. The 
impactor accelerates away from the specimen at an energy lower than the 
impact energy. Part of the accumulated energy is kept in the form of panel 
vibrations and eventually dissipated by damping. Another part corresponds 
to the energy dissipated by material damage, namely matrix cracks, 
delaminations, fiber fracture and total peforation. 
Low and high velocity impact have been observed to induce different 
structural responses in the composite material [28]. In low-velocity impact, 
the contact duration between the projectile and the target are long enough to 
cause the whole structure to respond to the impact. This enables kinetic 
energy to be accommodated at points well away from the point of impact. 
Hence, the geometrical configuration of the target would determine its 
energy-absorbing capability. On the other hand, high velocity impact loading 
induces a more localized form of target response, since its relatively short 
duration does not allow for the material to have sufficient time to respond in 
flexural or shear modes. This results in the dissipation of energy over a 
comparatively small region, with the main consideration being whether 
complete penetration occurs[29]. 
There are various definitions of low-velocity impact found in 
literature. Cantwell et. al. [23] classified any impact velocity lower than 
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10ms-1 as low-velocity impact, taking into consideration the typical test 
techniques used to simulate the low-velocity impact event such as the 
instrumented drop-weight test, the Charpy pendulum and the Izod test. 
Abrate [30], however, determined that low-velocity impact occurs at 
impactor speeds of less than 100ms-1. Other researchers such as Liu et. al. [16] 
suggest that impact should be classified according to the type of damage 
incurred, especially when damage is of utmost concern. They hence defined 
low-velocity impact as one in which no penetration occurs in the specimen 
such that damage is dominated by matrix cracks and delamination rather 
than fiber fracture. On the other hand, Soutis et. al. [2] noted that low-
velocity impact results in both delamination and fiber fracture.  
Mishra et. al. classified impact into two broad categories- boundary-
controlled impact and wave-controlled impact [12]. In boundary-controlled 
cases, the time of contact between the projectile and the target are relatively 
long and the whole structure responds, enabling kinetic energy to be 
accommodated at points away from the impact point. The contact time is 
much longer than the period of lowest vibration mode, and the entire plate is 
deformed during the impact. The contact force and plate response are in 
phase. Boundary-controlled cases are named as such because the geometrical 
configuration of the target would determine its energy absorbing capability. 
Boundary-controlled cases may be analyzed using quasi-static methods. In 
wave-controlled cases the plate response is more localized, resulting in 
energy dissipation over a comparatively small region. The contact force and 
plate response are not in phase and the plate deformation is localized to a 
region around the impact point. Such response is dependent on impactor 
velocity and mass, and plate dimensions and properties. In other words, 
according to Mishra et. al. [12], boundary-controlled cases result from low-
velocity impact while wave-controlled cases result from high-velocity impact. 
14 
 
However Mishra et. al. did not indicate the range of impact velocities that 
would give rise to these two categories of impact.  
In this present research, the definition of low-velocity impact as 
stipulated by Mishra et. al. [12] is adopted. Low-velocity impact is considered 
to be quasi-static, and impact tests are simulated in this research by 
prescribing a displacement instead of a velocity to the impactor in the FE 
model. In adopting Mishra’s definition of low-velocity impact, the definition 
by Liu et. al. [16] is indirectly adopted as well, because damage induced by 
quasi-static load has been observed to be dominated by matrix cracks and 
delaminations rather than fiber fracture.  
 
2.1.3 Low-velocity impact damage mechanisms  
Failure in composite materials is an ill-defined term, because 
composite materials usually undergo various local failures before final 
rupture into two or more distinct parts. The initiation of failure, also known 
as ‘first failure’ in composite laminates, does not necessarily correspond to 
‘final failure’ as there can be failure accumulation within the composite 
laminates before final failure occurs. The local failures occuring within the 
composite laminates before final failure is usually refered to as ‘damage’.  
The internal damage, or BVID, that is caused by low-velocity impact 
on composite laminates generally consists of two types at the micro level, 
namely interlaminar damage, also known as delaminations, and intralaminar 
damage. Intralaminar damage, which refers to damage within a single ply, 
can further be subdivided into two categories: Intralaminar damage between 
fibers such as matrix cracks and intralaminar damage involving fiber fracture 





Figure 4 3D representation of damage mechanisms 
 




Fiber fracture, or the breaking of a continuous fiber into two or more 
distinct parts (Figure 4 and Figure 5a), is the most severe of all failure 
mechanisms with the potential of leading to catastrophic failure. This is 
because in composite laminates, fibers typically act as the primary load-
carrying component. Fiber fracture is caused when the fracture strain limit of 
the fiber is reached. It can occur under tensile loading, when the maximum 
allowable tensile stress or strain of the fiber is exceeded. Under compressive 
loading, fiber micro-buckling, crushing or kinking occurs. The critical 
buckling stress of a fiber embedded in a matrix is found to be influenced by 
the properties of the fiber and the matrix, which provides lateral support to 
the fiber [21].  
Fiber pullout (Figure 5b) is observed when fiber fracture occurs 
simultaneously with fiber/matrix debonding. Fiber kinking (Figure 5c) has 
been observed to be initiated by local microstructural defects like fiber 
misalignments and longitudinal cracks (matrix and interfacial cracks). An 
initial fiber-misalignment will trigger failure due to further rotation of the 
fibers during compressive loading [32]. Kink bands induce high shear 
stresses in the matrix phase. In composite materials with high fiber-volume-
fraction, kink band formations are normally the failure mechanism involved 
in compressive failure due to stress in the fiber direction [17].  
Under low-velocity impact, fiber failure occurs much later in the 
damage progression as compared to matrix cracking and delamination. Fiber 
failure tends to be observed right under the impactor on the impact face, and 
is caused by the high local stresses and indentation of the impact face. Failure 
in the fiber mode is the precursor to catastrophic failure by penetration. 
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In low-velocity impact where the impact energy is low, matrix cracks 
are usually observed to be the first failure mechanism to occur. Fiber/matrix 
debonding is sometimes observed to be the first failure mode in low-velocity 
impact as well. The polymer matrices used in CFRP are usually brittle; they 
undergo a limited deformation before fracture and hence absorb an 
insignificant amount of impact energy. 
Matrix cracks (Figure 4 and Figure 5d) occur in planes parallel to the 
fibers within unidirectional layers [33] when the strength of the matrix is 
exceeded. They can be caused by tension, compression or shear. Matrix 
cracks can also be caused by stress concentrations at the fiber-matrix 
interface due to a mismatch in mechanical properties between the matrix 
and fiber, which leads to fiber-matrix debonding (Figure 4 and Figure 5e).  
Matrix cracks resulting from low-velocity impact can be classified into 
bending cracks and shear cracks, named after the dominant stress causing 
the cracks [34]. Shear matrix cracks form in the upper and middle layers of 
the composite laminate under the edges of the impactor due to the high 
transverse shear stress through the laminate. As seen in Figure 5d, these 
cracks are inclined at an angle of approximately 450. Bending cracks form on 
the bottom layers due to the high tensile bending stresses and, as seen in 
Figure 5d, are typically vertical.  
The stiffness of the laminate plays an important role in the way 
damage due to impact develops [18], as it is an important parameter 
controlling the mode of matrix fracture of the composite laminate. Under 
low-velocity impact, a more flexible structure such as long and thin 
specimens will tend to respond by bending. This produces high tensile 
stresses in the lower plies, leading to the formation of bending cracks in the 
lower layers, as depicted in Figure 6a. On the other hand, for a stiffer 
structure such as short and thick specimens, damage occurs mainly as 
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transverse shear cracks near the impact surface due to high contact stresses, 
as shown in Figure 6b.  
 
Figure 6 Matrix cracks development in (a) flexible and (b) rigid structures 
[18] 
 
Delaminations, as shown in Figure 4, are cracks that occur 
preferentially within the resin-rich layer between plies of different fiber 
orientations due to a bending stiffness mismatch at the ply interface. Their 
planes lie parallel to the surface of the structure. Generally, they do not occur 
between plies of the same fiber orientation [18, 35, 36]. Composite laminates 
are particularly susceptible to delamination as a form of failure when subject 
to external loads that generate high through-thickness shear and normal 
stresses, such as low-velocity impact, because of their weak interlaminar 
strengths [37]. Delamination can absorb a significant amount of impact 
energy, and from experiments conducted, it has been established that the 
delamination areas are influenced directly by impact energy [27, 38-40].  
Bouvet et al. [41] reported the physical explanation for the interaction 
between matrix cracks and delamination proposed by Renault. Renault 
suggested that the development of matrix cracks is a precursor to the 
development of delaminations. To illustrate the explanation proposed by 
Renault, a [-45/0/45] layup, which is not representative of an entire laminate 




composite ply, matrix cracks would initiate and propagate along the fiber 
direction. This would lead to the creation of disjointed strips in each 
composite ply as seen in Figure 7(b). Under impact load in the thickness 
direction of the composite laminate, the disjointed strips would be displaced 
in the thickness direction as well. The displacement of the disjointed strips 
would lead to an interlaminar zone of tension stress at interfaces of plies 
with differing orientations, and delaminations would form within these 
zones. As clearly illustrated in Figure 7, the zones that are susceptible to the 
formation of delaminations are triangular in shape at interfaces in which the 
fiber orientations change by 45o, and the direction of propagation follows the 
fiber direction of the ply below the interface, away from impact face. This 
idea has been widely accepted and adopted [29, 42].  
Another widely accepted explanation for the matrix crack and 
delamination interaction is reported by Nguyen et. al. [18]. When a matrix 
crack propagating through a ply reaches the ply interface where the 
orientation of the adjacent ply is different, the crack is arrested. High shear 
stress in the matrix causes the crack to start growing along the ply interface, 
resulting in delamination [18]. It has been observed that delamination only 
occurs in the presence of a matrix crack. The results obtained from the 
modeling work done during the course of this research concur with the 
explanation reported by Nguyen et. al. but not the explanation proposed by 
Renault. The FE results showed that delamination was initiated due to high 
shear stresses, while ‘zones of interlaminar tension stress’ as proposed by 
Renault was not observed. 
In low-velocity impact damage, the size and locations of the external 
matrix cracks would provide a good gauge of the size and location of the 
internal delaminations. This is because in general, the size and locations of 





Figure 7 (a) Delamination formation mechanism and (b) interface tension stress zones, obtained from [41] 
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2.2 Literature Review 
The low-velocity impact event and CAI test are two separate topics, 
often studied separately. Damage resistance of a material can be defined as 
the ability of the material not to undergo a permanent change due to a 
loading event [33], while damage tolerance relates to the capacity of the 
material to maintain its function after a permanent change has occurred in 
the material [43]. In the assessment of the damage tolerance of a composite 
structure, the most critical source of damage has to be considered. Localized 
low-velocity impact has been found to be the most critical source of damage 
in composite laminates, inducing delaminations within the laminates that can 
cause reductions in the residual compressive strength of up to 65% of the 
undamaged compressive strength [44]. Compression After Impact (CAI) 
strength is thus of particular concern, and is an important measure of the 
damage tolerance of composite materials.  
The damage tolerance assessment of composite material generally 
involves two main steps [45]. First, the tolerance assessment of composite 
materials starts with a damage generation and characterization process, 
usually achieved through performing impact tests and damage 
characterization methods which includes destructive deply and cross-
sectional microscopy techniques, and non-destructive methods such as 
ultrasonic scanning. The second step of the tolerance assessment of 
composite materials involves a determination of the residual compressive 
strength of the impact-damaged laminates, or the CAI strength. In studying 
the low-velocity impact event, the impact damage characterization requires a 
variety of information such as the through-thickness location and 
distribution of matrix cracks, delaminations, fiber fracture and their 
respective shapes and sizes [46-48]. These characteristics are dependent on 
parameters such as the diameter, mass and incident velocity of the impactor 
and the dimensions, stacking sequence and boundary conditions of the 
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laminates [12, 49-51]. In the determination of the CAI strength, the 
compressive behavior of thin laminates is generally characterized by 
prebuckling, buckling and finally post-buckling, with impact damage 
affecting the behavior of the composite laminate under compression. Both 
the low-velocity impact damage characteristics and the response of the 
composite laminate under compressive load would affect the damage 
tolerance of the composite laminate.  
 
2.2.1 Studies on low-velocity impact damage 
Many researchers have contributed to the extensive studies 
performed on the topic of low-velocity impact of CFRP laminates. Due to the 
complex failure modes that exist in composite structures, extensive testing of 
CFRP structures is necessary, taking into consideration different parameters 
such as loading conditions and geometry of the structure. There are various 
disadvantages of experimental testing of CFRP structures. The extensive 
testing required before a component can be certified safe would lead to 
exorbitant costs. Davies and Ankersen [52] approximated that the cost of 
structural testing would add up to approximately $40 million for a new 
aircraft variant. Such extensive experimental testing is also arduous. 
Experimental testing has its limitations, such as the inability to capture the 
internal impact damage progression, which is important in BVID.  
To supplement experimental testing, researchers have turned to 
analytical and numerical modeling. There are numerous papers published on 
analytical studies for impact damage [53-56]. However, the complexity of the 
low-velocity impact event, which includes loading, contact, friction, damage 
followed by failure often results in the oversimplification of analytical models. 
Analytical solutions are thus generally formed for particular impact cases 
where variables such as impactor size, boundary conditions or plate 
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geometries have to be fixed, rendering the analytical solution strategy to be a 
very limited one [28].   
The numerical modeling approach is an approach that can be used to 
supplement experimental testing and provide insight into the mechanisms of 
damage. FE analyses that are based on accurate constitutive models have 
been deemed to be the method able to provide the most detailed information 
on the damage distribution throughout the impact process [57]. As such, 
numerical modeling, such as finite element analysis, has become a widely 
adopted approach in both industrial and research environments. 
Researchers can choose from a selection of commercially available finite 
element codes such as Abaqus/Standard, Abaqus/Explicit and LS-Dyna to 
study the topic of impact damage of composite materials. Such codes have 
the capability to deal with a wide range of contact problems and allow for the 
implementation of user defined subroutines which can be customized for 
various applications [28]. This is an important capability because the 
accuracy to which impact damage can be predicted is dependent on the 
material model which controls the extent of damage, energy absorbed, 
stiffness reduction and structural behavior of the composite laminate.  
In the paper “Virtual testing of realistic aerospace composite 
structures” [52], Davies and Ankersen studied in great detail the feasibility of 
relying on simulations to test composite structures to failure and  concluded 
that simulations are rapidly evolving into a viable design tool. 
 As discussed in Section 2.1.3, low-velocity impact damage consists of 
various damage mechanisms. In studies on low-velocity impact damage, an 
area of interest is the interaction between the various damage mechanisms, 
as a better understanding of how the different damage mode interacts with 




The first report of interaction between delamination cracks and 
transverse matrix cracks is found in [20], where Malvern et. al. performed 
microscopic observations of impacted cross-ply glass-epoxy composite 
laminates and noticed the interactions between these two damage modes. 
Liu and Malvern [16] went on to study and compile detailed interactions 
between delaminations and matrix cracks for various layups of composite 
laminates. In [36], Liu established the major  cause of delamination to be 
bending-induced stresses because both experiment and analysis showed that 
the composite laminate tends to bend concave in the fiber direction and 
convex in the transverse direction. He then attributed the formation of 
delaminations to the mismatch of bending stiffness between adjacent layers 
due to varying fiber orientations between the layers, and defined a bending 
mismatch coefficient between the adjacent layers. He reported a direct 
relationship between the bending stiffness mismatch and the size of 
delamination; the greater the mismatch, with cross-ply having the greatest 
mismatch, the greater the size of delamination.  
From experimental studies conducted, Liu [36] also reported that 
delamination areas were generally elongated, with their major axis 
coinciding with the fiber orientation of the layer below (away from impact 








Figure 8 Delaminations in the impacted plates: (a) [04/904], (b) [04/754] , (c) 
[04/604] , (d) [04/454] , (e) [04/304] , (f) [04/154], obtained from [36]. Impact 




Many studies have since been performed, confirming the results as 
reported by Liu and Malvern. An example is the detailed study performed by 
Finn et al. [58, 59] that measures the locations and geometries of 
delaminations induced by an impact load. In their study, they reported that 
peanut-shaped delaminations were induced in all cross-ply laminates. It was 
also reported that delaminations do not occur at interfaces between plies of 
the same fiber orientation. Finn et al. [58] performed a parametric  study in 
which the effects of parameters including the plate thickness, impactor mass 
and thickness of the back ply group on the impact damage was investigated. 
Delamination sizes were observed to increase with increasing plate thickness, 
as seen in Figure 9. The increase in delamination sizes with increasing plate 
thickness was attributed to the increase in back ply group thickness, which 
leads to an increased strain energy in the back ply group made available for 
the formation of delamination. Delamination sizes were also observed to 
increase with increasing impactor mass, which corresponds to an increase in 
impact energy and maximum force applied to the composite laminate. With 
an increase in impact energy, more strain energy is present in the plate, 
leading to more energy being available to cause delamination. Finn et. al. [58, 
59] also reported that the dimensions of the impactor does not have an effect 
on delamination sizes because the contact area between the impactor and the 
composite laminate is usually of an order of magnitude smaller than the 
delamination sizes, which typically ranges from 5mm to 50mm for low-
velocity impact cases. Delamination sizes were also observed to increase 
with an increasing number of plies in the back ply group, away from the 
impact face. They attributed this to the increase in energy stored in the back 
ply group as the number of plies increases, hence availing more stored strain 




Figure 9 Delamination lengths and widths in plates subjected to static loads 
as functions of the total number of plies N in the plate, with plate dimensions 
3in by 4in (1in=25.4mm), obtained from [58] 
 
De Moura et. al. [60] conducted low-velocity impact tests on two 
different laminate layups, [04/904]s and [02/±452/902]s, using a drop-weight 
testing machine. They then performed damage characterization using X-ray 
radiography and the deply technique. The interaction between matrix cracks 
and delamination was also reported by the researchers, who noted that 
delaminations were generated by the transverse cracks in the plies adjacent 
to the delamination interface. It was also reported that delaminations 
occurred only at interfaces where the adjacent plies were of differing fiber 
orientations, and has a characteristic two-lobed shape with the major axis 
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oriented in the same direction as the fiber orientation of the ply below the 
interface. De Moura et. al noted that the internal damage due to low-velocity 
impact was characterized by delamination and transverse cracking.  
Low-velocity impact damage sequence was studied by Choi et. al. [61, 
62] in their investigations involving low-velocity line-loading impact . A line-
nosed impactor which could produce a uniformly distributed and transient 
dynamic load across the specimen width was used. The researchers observed 
matrix cracking to be the first failure mode of impact damage in laminated 
composites, which in turn lead to the formation of delaminations and micro-
cracks. The matrix cracks that induce the formation of delaminations are 
termed ‘critical matrix cracks’. It was reported that delaminations are always 
accompanied by a critical matrix crack. There exists a threshold impact 
energy, below which the critical matrix crack does not form, and no damage 
is observed. After the critical matrix crack is formed, stresses in the out-of-
plane normal direction and interlaminar shear stresses are found to be the 
dominant stresses causing the initiation and propagation of delaminations. 
As delaminations propagate the in-plane transverse tensile stresses and 
interlaminar shear stresses in the vicinity of the critical matrix cracks then 
causes the formation of micro-cracks. Choi et. al. also found that the stacking 
sequence of the composite laminates have an effect on the impact resistance 
of the composites. 
It has also been reported in a study conducted by Saito et al. [63] that 
there exists a minimum ply thickness in order for critical matrix cracks to 
initiate and propagate. In their study, they calculated the strain energy 
release rate at the matrix crack tip by means of the virtual crack closure 
method and found that critical cracks propagated only when the strain 
energy release rate exceeded 40J/m2. Such an energy release rate could not 
be attained in composite layers of thickness less than 0.04mm. Saito et al. 
also reported that the strain energy at the crack tip of a particular crack 
29 
 
length would be at its maximum when the crack length was approximately 
three-quarter of the ply thickness of the composite layer in which the crack 
exists. As such, with a decrease in ply thickness, the maximum strain energy 
that could exist at the crack tip decreased accordingly.  In the event that the 
maximum strain energy at the crack tip does not exceed the strain energy 
required for critical crack propagation, crack propagation would not occur, 
and delaminations would not form.  
The difficulty of modeling low-velocity impact on composite plates 
arises from the complexities of low-velocity impact damage. For the same 
incident energy, different combinations of impactor mass and velocities can 
have different effects on the impact response [12]. Furthermore, different 
sizes and layups of the composite plates would display different damage 
patterns. The differences in damage patterns in turn lead to differing residual 
compressive strength, or CAI strength. Nguyen et al. [18] did a review on the 
capability of finite element softwares for composite impact damage analysis, 
comparing three commercial explicit FE analysis packages, Pam-Shock, LS-
Dyna and MSC.Dytran, on their ability to model the damage arising from the 
impact load. The comparison is conducted by determining the suitability of 
the explicit FE analysis packages in constructing an FE model of a composite 
laminate, predicting the BVID, and retrieving the results. The results 
retrieved for BVID were then compared with experimental results. It was 
concluded that all three packages were capable of creating a composite 
damage model and solving for damage and degradation. They were also 
capable of post processing the damage information. Nguyen et al. [18] noted 
that an important capability of the use of these FE packages in the study of 
low-velocity impact damage was the ability to view the damage in each 
individual ply.  
Following their experimental studies, Lopes et al. [64] conducted 
numerical simulations for the prediction of impact damage using the 
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commercially available finite element analysis software, ABAQUS/Explicit. 
Continuum damage mechanics is used in their numerical simulations to 
predict the quasi-brittle process of failure of composites. In their model, the 
LaRC04 failure criteria is used for the prediction of the onset of matrix 
cracking and fiber fracture under both tensile and compressive loads. A 
cohesive damage model is used to account for delamination. The FE model 
created simulates several physical processes which occur during low-velocity 
impacts on composite laminates, including the correct geometrical 
representation of the structural system, loads, boundary conditions, material 
behavior and contact conditions between the two bodies involved. The 
material studied in this research was AS4/8552. The dimensions of the FE 
model used were 150mm by 100mm, and 4.36mm thick, with 24 plies in the 
thickness direction. More details on the geometry and boundary conditions 
used for the simulation are found in Figure 10.  The impactor was modeled as 
a rigid body and has a spherical shape with diameter 16mm. In this FE model, 
each laminate ply was modeled using C3D8R solid elements behaving 
according to a continuum damage model, with one element in the thickness 
direction. The resin-rich interface between each ply was modeled using 
COH3D8 cohesive elements, with its behavior described by a traction-
separation law. Lopes et al. [64] concluded that the simulations are 
computationally expensive due to the large number of elements required. 
However, Lopes et al. deemed that the large computational cost is acceptable 
because the model predicts the maximum impact force and the maximum 
impactor displacements, delamination location and size, as well as matrix 
cracks and fiber damage with acceptable accuracy as compared to their 
experimental results reported in [65]. However, the stiffness of the specimen 
is higher than predicted by the model. The authors attribute the under-
predicted stiffness to the prediction of delamination initiation to be at a 
lower load than observed in experiments. The model was also unable to 




Figure 10 Geometry and boundary conditions for the simulation of an impact 
event on a 24-ply laminate, with only half the structure represented, 
obtained from [64] 
Faggiani et al. [66] built a similar model for predicting low-velocity 
impact damage on a stiffened composite panel. In this model, continuum 
damage mechanics was used in the composite damage model as well. The 
model had dimensions 450mm by 375mm, and the center region of 
dimensions 60mm by 60mm corresponding to the site of impact was 
modeled using a finer mesh. Clamped boundary conditions were defined at 
the edges of the FE model. It is reported that this model is able to predict the 
rate of energy absorption by the panel, the maximum average impactor force, 
and the post-impact permanent indentation. However, the prediction of the 
size, shape and location of the delaminations could not be verified as no 
experiments were performed. In Figure 11, it could be seen that the most 
extensive delamination was predicted to occur in the 90/90 interface. This is 
inaccurate, as it has been proven in many studies that delaminations do not 
occur between plies of the same fiber orientation [35, 36].  
In the modeling of low-velocity impact, many researchers have 
approximated the low-velocity impact event using quasi-static indentation 
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[12, 67]. In [68], the same results were obtained from low-velocity impact 
test and quasi-static indentation test. In [69], it was also shown that a quasi-
static indentation analytical model provided good agreement with the 
experimental results obtained from low-velocity impact tests. A low-velocity 
impact event could be approximated using quasi-static indentation because 
of the analogous impact and boundary conditions. One advantage of 
modeling a low-velocity impact event as quasi-static indentation is that it 
allows for in-depth study of the damage mechanisms at different stages of 




Figure 11 Ply delaminations at each interface of the impacted composite 




2.2.2 Studies on compression after impact (CAI) strength 
The CAI test is performed to evaluate the consequence of impact 
damage on the compressive strength of the material. Delaminations have 
little effect on the tensile strength of the composite laminate, but significantly 
reduce the compressive strength because when a composite laminate is 
subject to tension after impact, the delamination simply closes up. However, 
under compression, the sublaminates can buckle locally at the area of 
delamination as demonstrated in Figure 12b below. The CAI test is a test 
method used to characterize damage due to impact. It consists of a specific 
impact event followed by an in-plane compression loading to failure.  
 
Figure 12 Delamination (a) closes up under tension and (b) buckles locally 
under compression 
 
Most attempts at predicting the residual CAI strength [71-74] make 
two erroneous asuumptions:  Firstly, delamination shapes are assumed to be 
uniform in each interface, simplified to be either circular or elliptical in shape. 
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Secondly, in most of these studies, delamination, which leads to the loss of 
stability of sublaminates, was deemed to be the main contributing factor 
causing the reduced compressive strength of the impact damaged laminate. 
The effect of delamination on the residual CAI strength of composite 
laminates has been well studied [9, 75-80]. 
Various models have been proposed for the prediction of CAI strength. 
In the model proposed by Dost et al. [76] for the prediction of CAI strength, 
the impact damaged region in the composite laminate was treated as a soft 
inclusion with reduced stiffness. CAI tests have shown that under 
compression, the sublaminate furthest from the impact surface will buckle 
first. Subsequently, the other sublaminates in the damaged region buckles as 
well. The buckling of the sublaminates causes the elastic moduli of the 
material in the damaged region to be reduced, hence the material in the 
damaged region could be treated as a soft inclusion embedded in the 
laminate. A load-redistribution in which higher loads are transferred to the 
undamaged region of the laminate results in a stress concentration at the 
edge of the delaminations, causing a reduced compressive strength. The 
maximum strain failure criterion was used in this prediction model. This is a 
model that has been widely adopted by various other researchers because of 
its simplicity. However, one shortfall of this model is that it does not account 
for the out-of-plane deformation of the sublaminate and assymetrical layups. 
Xiong et al. [9] then modified the model proposed by Dost et al, to 
account for the out-of-plane deformation of the sublaminate and 
assymetrical layups. The method proposed by Xiong et al. [9] includes a 
sublaminate buckling analysis using the Rayleigh-Ritz method. A rectangular 
laminate containing an embedded elliptical delamination was subject to 
uniaxial compression, and the stress at which buckling occurs is calculated 
using the Rayleigh-Ritz method.  Secondly, the material within the damaged 
region is degraded by a reduction of its moduli. In the analysis proposed by 
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Xiong et al. [9], the laminate assumes a linear stress-strain relationship until 
the first sublaminate buckles. The load carried by the buckled sublaminate 
then remains constant, as in Euler buckling. The axial modulus of material in 
the damaged region would decrease as compressive strain increases in its 
post-buckled state. This is caused by the load redistribution within the 
damaged region, and delamination growth followed by the buckling of the 
next sublaminate occurs subsequently. This process repeats until all the 
sublaminate in the damaged region buckles as strain is increased, and the 
entire damaged region is now considered a soft inclusion; the damaged 
laminate can now be simulated by a similar plate containing a soft inclusion. 
The third step in this CAI strength prediction model is stress redistribution in 
the damaged laminate in which the complex variable method is used to 
calculate the in-plane stresses of the laminate containing an elliptical soft 
inclusion. In the method proposed by Xiong et al. [9], three failure criteria 
were used. The point stress failure criterion was used to predict the laminate 
failure strength, while the maximum stress and Tsai-Wu failure criteria were 
used to predict first ply failure. Avery et al. [78] proposed a semi-discrete 
approach for the prediction of CAI strength, which makes use of fully coupled 
partial differential equations for anisotropic elasticity in the calculation of 
the buckling load of the sublaminate. This is opposed to the method used by 
Dost et al. [76] which modified the analysis of Shivakumar et al. [77] to 
account for the reduced bending stiffness in unsymmetric sublaminates.  
Another modeling technique for the prediction of CAI strength was 
proposed by Kassapoglou [79], in which the impact site was treated as a 
region of stress concentration.  The stress concentration factor was 
calculated using semi-empirical methods. Gottesman et al. [80] proposed a 
method for CAI strength prediction which considers the competing failure 
modes of local delamination buckling and compression failure. In this 
method, the sublaminates were checked for two possible failure modes- the 
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compressive mode and the buckling mode. The failure criterion used to check 
for the compressive failure mode was the first ply fiber failure mode, while 
the buckling failure mode was checked using the classical buckling theory of 
orthotropic plates.  Soutis et al. [2] proposed that there is great similarity 
between the failure patterns in CFRP laminates containing an open-hole and 
an impact damaged composite. In their work, a fracture toughness model 
which was originally proposed for an open-hole plate was used to predict 
residual CAI strength.  
 There are a few striking similarities between the CAI strength 
prediction models described above, and their main features include an 
impact damage characterization where information on the delamination 
shape, sizes and location is determined, a sublaminate stability analysis, a 
soft inclusion modeling of the impact damage in which the material 
contained in the damaged region is simulated by reducing the moduli of the 
material and finally a stress redistribution and failure criterion.  
 Even though the sublaminate stability based method as discussed 
above has been widely adopted in CAI strength prediction models and have 
been successfully used to predict CAI strength of composite laminates, there 
are still various shortfalls of this model such as the inability to simulate the 
real deformation of the damage zone when the laminate is subject to 
compression, and impact induced fiber breakage was ignored. Furthermore, 
the effective reduced moduli for the material contained within the damaged 
region were calculated at failure by ensuring strain compatibility at the 
boundaries of the undamaged and damaged material. However, strain 
compatibility cannot be satisfied even at failure. To overcome these shortfalls, 
Chen et al. [81] proposed a method for the prediction of CAI strength based 
on an equivalent hole model. In this model, the impact damaged region was 
simplified and approximated to be an open hole. A technique for determining 
the shape and size of the equivalent hole was also proposed. Chen et al. [81] 
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concluded that the predictions obtained from the equivalent hole model were 
in good agreement with experimental results.  
Craven et al. [75] performed a finite element study in which ‘peanut 
delaminations’ were modeled, instead of the usual circular or elliptical 
delaminations, and found that the peanut shaped delaminations led to 
significant stiffness reduction as compared to matrix or fiber damage. Fiber 
fracture cracks were also included in the model, but these were reported to 
demonstrate minimum effect on further stiffness reduction. Matrix cracks 
were simulated in this model by degrading the transverse properties of each 
ply by a nominal amount of 60%, and the effect on stiffness was found to be 
negligible, hence the effect of matrix cracking was pursued no further, and 
only peanut shaped delaminations were taken into account in their study.  
Most studies involving impact damage of composite laminates and its 
resultant CAI strength consider central impact on flat composite laminates. 
However, a few researchers have investigated the effect of near-edge and on-
edge impact and found that such impact might be more detrimental to a 
composite laminate subjected to after impact compression than a central 
impact [82, 83]. Some researchers have also investigated the effect of impact  
on the resultant CAI strength of curved composite laminates [84-87]. 
However, the focus of this thesis would be on the central impact damage and 




2.3 Review of failure criteria used in this study 
Failure initiation occurring in a ply within the composite laminate, or 
first-ply failure, can be predicted by means of an appropriate failure criterion 
[88, 89]. Subsequently, failure prediction requires an understanding of the 
different damage modes and damage accumulation and the effect they have 
on the mechanical behavior of the composite laminate. Many failure criteria 
have been proposed with the purpose of predicting failure initiation and 
their progression.  
Failure criteria for composite materials can be classified into two 
groups [90]: theories with independent failure modes, and theories without 
independent failure modes, or polynomial failure theories.  
One of the earliest and most widely used failure criteria with 
independent failure modes is the Maximum Stress Criterion for orthotropic 
laminates. It was suggested by Jenkins [91] as an extension of the Maximum 
Normal Stress Theory, or Rankine’s Theory, for isotropic materials. 
According to the Maximum Stress Criterion, failure is predicted to occur 
when any stress component in the principle material axes reaches or exceeds 
the corresponding individual strength value.  
In order to avoid failure, according to the Maximum Stress Criterion, 
the following inequalities musts be satisfied: 
           (1) 
           (2) 
             (3) 
 
Where     refers to the compressive strength in the fiber direction 
    refers to the tensile strength in the fiber direction 
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    refers to the compressive strength in the transverse direction 
    refers to the tensile strength in the transverse direction 
     refers to the in-plane shear strength 
 
An alternative to the Maximum Stress Criterion is the Maximum Strain 
Criterion for orthotropic laminae, which was proposed by Waddoups [92] as 
an extension of the Maximum Normal Strain Theory, or Saint Venant’s 
Theory for isotropic materials. As opposed to the Maximum Stress Criterion, 
failure predicted by the Maximum Strain Criterion is based on strain 
components instead. According to this criterion, failure occurs when any 
strain component in the principle material axes reaches or exceeds the 
corresponding ultimate strain value.  
A limitation of these two criteria is that they do not account for 
interactions between different stress components in the failure mechanism, 
since these two theories make use of noninteractive stress or strain limits to 
characterize failure. In spite of such a limitation, these failure criteria are still 
widely used because of their simplicity and ease of application. [93, 94] 
Polynomial failure criteria were subsequently proposed to account for 
the interaction between the stress or strain components. Unlike the 
Maximum Stress and Strain Criteria, these criteria include terms that account 
for the interaction between stress components. Hill [95] proposed a criterion 
as an extension of the von Mises yield criterion for isotropic materials to 
anisotropic plastic materials with equal strengths in tension and 
compression. Tsai and Azzi [96] later extended Hill’s criterion to orthotropic 
fiber composites by proposing a relation between the coefficients of Hill’s 
polynomial failure criterion to the longitudinal, transverse and shear 
strengths of the composites. The resultant failure criterion has been named 
the Tsai-Hill failure criterion, which has the capability of accounting for 
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materials with different tensile and compressive strengths. One limitation of 
these polynomial failure criteria is the assumption that hydrostatic stresses 
do not contribute to failure. Such an assumption is incorrect, as shear 
coupling would cause a hydrostatic state of stress in an anisotropic material 
to produce shear strains that lead to failure. Hoffman [97] derived an 
equation that could predict failure under a hydrostatic state of stress.  
A more general polynomial failure criterion is the Tsai-Wu failure 
criterion. The Tsai-Wu failure criterion [98] was proposed in 1971 by Tsai 
and Wu as a simplified and improved version of a tensor polynomial failure 
theory for anisotropic materials derived by Gol’denblat and Kopnov [99].  
In the Tsai-Wu failure criterion, the failure surface in the stress space 
is described by the following tensor polynomial: 
               
 
(4) 
where i,j = 1,2,…6 and Fi and Fij are experimentally derived strength tensors 
in the second and fourth rank respectively. A vector notation for the strength 
tensor is adopted as follows:                                
          . 
Expanded, Equation (4) becomes: 
                              
      
                                               
      
                                      
      
                             
      
                    
      
           
      





For the case of plane stress, 
                           
Hence Equation (5) is reduced to: 
                
       
                
    (6) 
 
The linear terms in the shear stress        has been removed from 
Equation (6) because the shear strength along the principal material axes is 
not affected by the sign of the shear stress. Only a quadratic term in the shear 
stress    remains in the equation. The linear terms in the normal stresses 
       and        are retained because they take into account the 
different strengths in tension and compression. Finally, the term          
takes into account the interaction between the normal stresses. 
The strength tensors F1, F2, F11, F22 and F66 are derived by considering 
uniaxial test cases and solving the equations obtained simultaneously. They 
can be expressed in terms of the uniaxial and shear strengths as follows:  







     
 
    
 







     
 
    
 
    
 




The interaction parameter F12 is found using a biaxial test involving 
both σ1 and σ2. There exists four different values for F12 since there can be 
four different failure pairs of σ1 and σ2 [100]. Wu [101] has suggested that 
the biaxial ratio  
  
  
 has to be optimized to account for the sensitivity of 
F12 to experimental scatter, so that F12 can be determined more accurately.  
An expression for F12 that is commonly employed was proposed by 
Tsai and Hahn [102]: 
     




A limitation of the Tsai-Wu failure criterion is that the mode of failure 
is not indicated by this method.  
Mechanism-based failure criteria were later developed to account for 
specific modes of failure at the micro-scale. The Hashin failure criterion [100, 
103-105] is one such mechanism-based failure criterion that takes into 
account the specific modes of failure at the macro-scale. Based on this failure 
criterion, matrix and fiber failure of composites are distinguished through 
the use of independent sub-criteria. Damage is deemed to have initiated once 
any of the following sub-criteria that make up the Hashin failure criterion is 
met: 
Tensile fiber failure (where      ) 
(





   
 
   
    (7) 
Compressive fiber failure (where      ) 
(




   (8) 
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Tensile matrix (transverse direction) failure (where      ) 




   
 
  
   (9) 
Compressive matrix failure (where      ) 
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    (10) 
 
Although the Hashin failure criterion is able to differentiate between 
the different failure modes, it considers each failure mode as independent 
sub-criteria, not accounting for the interaction between tensile and 
compressive stresses in cases of multi-axial loads. In this research, the Tsai-
Wu and Hashin failure criteria were chosen because the damage prediction 
obtained have demonstrated good agreement with experimental results, 
coupled with the ease of implementation into the FE model. 
While the use of stress components in the prediction of failure in 
composites is most common, there exist other failure criteria that make use 
of strain energy [106-108] and dissipated energy [109]. 
2.4 Review of damage modeling techniques used in this study 
2.4.1 In-plane damage modeling techniques 
After the initiation of failure has been predicted by an appropriate 
failure criterion, the effect that the damage has on the load-carrying 
capability of the material is described by the application of an appropriate 
damage modeling technique. Researchers have proposed various different 
techniques for modeling damage in composites materials, including the 
modification of the reduced stiffness matrix [110, 111], fracture mechanics 
method [112], element-delete method [113], the material property 
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degradation method (MPDM) [114-117] and the Continuum Damage 
Mechanics (CDM) method [118], among which the CDM is one of the most 
widely-used approach.  
The material property degradation method (MPDM) and Continuum 
Damage Mechanics (CDM) approach is based on the idea that a damaged 
material can be described by degrading the material properties of the same 
undamaged material. In the application of MPDM, once damage has initiated 
as deemed by the failure criterion used, the damaged material is replaced 
with an equivalent material with degraded material properties. The simplest 
and most conservative version of MPDM is the ply discount method, where it 
is applied at the ply level. In the ply discount method, as the applied load is 
increased, a failure criterion is used to identify the first ply in which the first 
transverse crack appears, or first-ply failure. The Young’s modulus in the 
transverse direction, E2, and the shear modulus, G12, of that entire ply in 
which failure is first observed are then degraded. A new stress analysis of the 
composite laminate with degraded ply properties is carried out to identify 
subsequent failure occurrence. The ply discount method in which the 
material properties of the ply are completely degraded to zero is called the 
total ply discount method [119]. The total ply discount method is based on 
the assumption that once failure has initiated, the ply is deemed to have 
totally failed and is no longer capable of sustaining further load. This method 
is widely used by researchers [115, 116, 120] because of its ease of 
implementation. It is evident that the total ply discount method is overly 
conservative because in reality, the damaged material would still be able to 
withstand a certain amount of load after initial failure. This method 
underestimates laminate strength, and fails to recognize that ply failure is 
localized and that the stiffness of a failed ply might not be zero.  
To improve on the total ply discount method, the material properties 
of the failed plies could be degraded by a degradation factor other than zero, 
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and material properties could be degraded selectively depending on the 
failure mechanisms responsible for the ply failure [121]. 
A less conservation damage modeling method is when MPDM is 
applied at the element level rather than at the ply level. A stress analysis is 
performed in the finite element model to identify where damage has initiated 
in each ply, and the material properties of these damaged elements are 
degraded. A stress analysis with the updated material properties is then 
carried out to identify subsequent locations of failure initiation, and 
degrading the material properties of the elements in which failure has 
initiated. This process is repeated until final damage.  
Many researchers have used MPDM in their studies involving 
progressive failure. An example of such an application of MPDM is found in 
the investigation performed by Reddy and Reddy [122], where two different 
degradation approaches were used: the degradation of only the elastic 
modulus and Poisson’s ratios, and the simultaneous degradation of elastic 
and shear moduli and Poisson’s ratio. However, the degradation parameters 
used were the same regardless of failure modes. Tan and Perez, in their 
investigation of the progressive failure of laminates containing holes under 
in-plane tensile and compressive loading, used different degradation 
parameters, D1, D2 and D6 for longitudinal modulus and for transverse and 
shear moduli to account for fiber breakage and matrix failure respectively 
[114, 117]: 
         
  
         
  
         
  
The degradation factors have values less than unity when damage has 
occurred. Estimates of their values are proposed in [123]. The above 
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degradation method does not differentiate between compressive and tensile 
failure.  
Shokrieh and Lessard [124] proposed a degradation model which 
accounted for the difference in compressive and tensile failure. In this model, 
seven different failure modes are considered- fiber tension, fiber 
compression, fiber-matrix shearing, matrix tension, matrix compression, out-
of-plane tension and out-of-plane compression. Suitable stress-based failure 
criteria for detecting the individual failure modes under a multi-axial state of 
stress are used together with a suitable set of degradation factors for each 
failure mode. For example, when fiber failure is detected, all the material 
properties are degraded based on the assumption that fiber failure would 
cause the material to be unable to withstand further stress. When matrix 
failure is detected, only transverse properties are degraded, while fiber 
direction properties remain unchanged. They later validated their model 
with experiments [125]. 
Tserpes et. al. [126] also implemented a 3D MPDM model with the 
ability to differentiate between different damage modes. In this study, the 
Hashin failure criterion was used to predict the different damage modes in 
composites, namely fiber tensile and compressive failure, matrix tensile and 
compressive cracking, fiber-matrix shear-out and delamination in tension 
and compression.  
When matrix damage is predicted, the matrix is assumed to be unable 
to carry further load and the material properties of the failed ply in the 
matrix direction such as the Young’s modulus in the in-plane transverse 
direction and Poisson’s ratio v12 is degraded to zero. Table 1 below 
summarizes the degradation scheme used in this study for the various 









E11 0 E11 E11 E11 
E22 0 0 E22 E22 
E33 0 E33 E33 0 
G12, 0 0 0 v12 
v23 0 v23 v23 0 
v13 0 v13 v13 0 
G12 0 G12 0 G12 
G23 0 G23 G23 0 
G13 0 G13 G13 0 
Table 1 Degradation scheme employed by Tserpes et. al. [126]in the 
modeling of progressive damage 
  
Reddy et. al. [127] noted that in most degradation schemes, selected 
stiffness properties of the failed elements are reduced either to zero, or 
reduced using a step-wise unloading scheme. This is inaccurate because in 
reality, damage induced stiffness reduction occurs gradually instead of in 
steps. To address this inaccuracy, Reddy et. al. proposed a gradual stiffness 
reduction scheme by reducing the stiffness properties of an element in which 
failure has been indicated by the failure criterion of choice to a level at which 
the failure criterion is no longer satisfied. Such a scheme allows for the same 
element to undergo repeated failures, simulating the accumulation of damage 
in the element.  
 Continuum damage mechanics (CDM) models have also been 
proposed by various researchers for damage propagation modeling, and are 
generally considered to be a more realistic approach as they can feature 
internal variables representing the damage characterization [118]. In such 
49 
 
models, a constitutive model of the damage states of composites is applied 
together with a damage evolution criterion to predict progressive damage. 
The constitutive model of the damage states is described by a set of internal 
state variables that carry information on crack geometry and fracture modes. 
The key assumption of CDM is that a microcrack growth can be treated at a 
macro level by treating the damage as a continuum over a representative 
volume [57]. 
 One of the first applications of CDM to composite laminates was 
performed by Talreja [128] where he proposed two damage variables for 
both the matrix and fiber damage. He then used his model to predict the 
stiffness reduction in various angle-ply laminates, demonstrating good 
agreement with experimentally measured stiffness loss [129]. A commonly 
adopted CDM model is the model proposed by Ladeveze et. al. [130] in which 
fiber and matrix behavior are considered separately, and many researchers 
have adopted Ladeveze’s model in their implementation of CDM to more 
specific cases involving different types of composite materials [131, 132]. 
Williams et al. [133] addressed the physical significance of the damage 
parameters used in their CDM model by using experimental observations of 
damage growth and of the effects that damage has on the material response 
in their derivation of the mathematical formulation. The formulation 
proposed by Williams et al. [133] was based on the sub-laminate response, in 
recognition that the laminate response is driven by ply interactions through 
the stacking sequence and damage growth instead of being driven simply by 
the lamina properties. Pinho et al. [118, 134] incorporated a smeared 
formulation in their CDM model in an attempt to avoid problems of strain 
localization leading to mesh dependency. Strain localization occurs when 
narrow and highly strained zones emerge prior to failure. In the smeared 
formulation proposed by Pinho et al. [118], the fracture energy is distributed, 
or smeared, over the entire volume of the element. This smeared formulation 
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method is implemented in the FE models used in the current research, and 
more details on the smeared formulation method is found in Section 3.1.1.2. 
A detailed review of CDM models can be found in [57]. 
 
2.4.2 Delamination modeling techniques 
In the modeling of delamination, the fracture mechanics approach and 
the cohesive and interface models are commonly applied. Delamination in 
composites can be accounted for as matrix cracks occurring between plies. 
The Virtual Crack-Closure Technique (VCCT) has traditionally been the most 
common approach used for the simulation of delamination in composites 
[135]. This technique is based on the assumption that the energy released 
during the propagation of delamination is equals to the work required to 
close the crack to its original position. The components of the energy release 
rate are hence computed from the nodal forces and relative displacements, 
and delamination growth is predicted to occur when a combination of the 
components of the energy release rate equate a critical value. A restrictive 
limitation of such a fracture-mechanics based approach is that a pre-existing 
delamination has to be assumed. In other words, such a method is unable to 
predict delamination initiation; it is only able to predict delamination 
propagation. In many cases, the determination of the precise location of 
delamination initiation might be challenging [136]. Furthermore, the VCCT 
assumes self-similar crack growth, which is contradictory to experimental 
observations where delaminations are observed not to remain straight under 
propagation [137].  
Cohesive and interface models which make use of a combination of 
strength-based analysis for the prediction of delamination initiation and 
fracture mechanics for the prediction of delamination propagation have been 
adopted as a technique used to better predict delamination onset and 
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propagation without having to assume a pre-existing crack. The cohesive 
element method is also better able to track delamination growth because 
failure in cohesive elements is explicitly modeled. Cohesive zone models are 
based on the Dugdale [138] and Barenblatt [139] cohesive zone approach, 
and can be related to Griffith’s theory of fracture when the cohesive zone size 
is negligible in comparison with other characteristic dimensions. The main 
concept of cohesive models is the inclusion of a thin cohesive or interface 
layer between surfaces where delamination might occur. The interface layer 
follows a linear or non-linear shear stress-strain response, and has to be stiff 
enough in compression to prevent the penetration of damaged layers [140].  
The most important aspect of a cohesive model is its constitutive law, and a 
widely adopted law is the assumption of a linear softening response [141]. 
Cui et. al. [35] noted that stress-based criteria are more suited for the 
prediction of delaminations in cases where no macroscopic singularity is 
present, while fracture-based criteria are more suited for cases where 
macroscopic singularities exist. To overcome both the cumber of requiring 
different failure criteria in different situations and of having to determine the 
possible fracture location in advance, they then presented an interface model 
that could predict the onset and growth of delamination in both situations, 
regardless of whether singularities are present. In this 2D model, horizontal 
and vertical non-linear spring elements were included between plies. The 
initial stiffness of the springs were stipulated to be high, and when a 
threshold force was reached the spring stiffness was reduced to physically 
represent delamination. 
Collombet et. al. [142] used node-pairs in the modeling of the 
interface where the node pairs were initially connected. When a failure 
criterion was met to signal the initiation of delamination, the node pairs were 
then separated, simulating the propagation of delamination. In a two-
dimensional study, Lo et. al. [143] devised non-linear interface elements and 
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used the interface elements to study delamination growth from a matrix 
crack tip in thick composite laminates subjected to low-velocity impact. 
Other cohesive methods such as the point cohesive method and the line 
cohesive methods were also proposed [144]. 
Wisheart et. al. [145] employed zero-thickness interface elements 
with variable tractions and relative displacements between node-pairs in 
their study of impact induced delaminations. They verified their model under 
mode I, mode II and mixed-mode loadings and their model predicted 
delamination shapes that demonstrated good agreement with experimental 
results. A detailed overview of delamination characterization is provided by 
Tay in [140]. A detailed overview of delamination modeling techniques is 
provided by Bouvet et. al. in [41] with the conclusion that interface elements 
are required to simulate the initiation of delaminations and the degradation 
caused by delaminations accurately.  
 
2.5 Brief review of types of elements, implicit and explicit 
analyses and non-linear analyses [146] 
The elements available in the element library of Abaqus are generally 
characterized by considering its family (Continuum, shell, membrane, beam, 
truss etc.), its number of nodes which is determined by the element shape 
and geometric order, the degrees of freedom (displacements, rotations, 
temperature etc.), its formulation (the mathematical theory used to define an 
element’s behavior) and its integration.  In the Abaqus element library there 
are different elements available to provide a complete geometric modelling 
capability. Numerical integration is used in all elements, allowing for 
complete generality in the material behaviour. In shell and beam elements, 
the element properties can either be defined as general section behaviours, 
or the cross section of each element can be integrated numerically such that 
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the non-linear response can be obtained. The elements can be broadly 
classified into two different categories- full integration elements which 
include all triangular and tetrahedral elements or reduced integration 
elements. In full integration elements, there are sufficient integration points 
such that the virtual work expression can be integrated exactly. On the other 
hand, reduced integration elements have sufficient integration points to 
integrate the contributions of the strain field of one order less than the order 
of interpolation. Advantages of using reduced integration elements include 
lesser computational time, and allowing for the computation of strains and 
stresses at points which provide optimal accuracy.  However the 
disadvantages of using reduced integration elements include the possibility 
of hourglassing, in which there is no strain at the integration points and 
inaccurate distortions of the mesh occur. The main difference between 
continuum shell elements and solid continuum elements is their formulation- 
Continuum shell elements make use of the shell theory in formulation, and 
the displacement in the z-direction (thickness direction), w, is assumed to be 
constant across the thickness of the shell. In this case, the displacements in 
the x and y direction, u and v respectively, can be derived from the curvature 
using: u = uo – z(dw/dx) and v= vo – z(dw/dy) where uo and vo are the 
displacements of the mid-plane of the shell. At the mid-plane of the shell, z=0. 
These assumptions are not made in the formulation of solid continuum 
elements. For the purpose of modelling bending, 2D or 3D fully integrated 
linear isoparametric continuum elements are unsuitable because they are 
overly stiff and pose the problem of shear locking in which very large shear 
strain energy inaccurately increases the flexural rigidity of the model. 
Continuum shell elements can be employed as a means to overcome the 
problem of shear locking, and are suitable for the modelling of thin models in 
which bending is dominant. Continuum shell elements are more suitable for 
the modeling of thin structures, in which bending is dominant. In continuum 
shells, the transverse shear has parabolic distribution through the thickness. 
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However for continuum solid elements, the transverse shear has a linear 
distribution through the thickness, and more continuum solid elements has 
to be included in the thickness direction to match the accuracy of shell 
elements.  Hence, the use of continuum shells would allow for a more 
accurate transverse shear stress response which is important in the case of 
impact because these stresses are responsible for delamination.  More 
detailed information on the elements available in Abaqus can be found in the 
Abaqus manual [146]. 
In Abaqus, there exist Abaqus/Standard, a general-purpose finite 
element program, and Abaqus/Explicit, an explicit dynamic finite element 
program. In Abaqus/Standard, the displacement is not a function of time. The 
solution of a problem using Abaqus/Standard involves the inversion of the 
stiffness matrix. In Abaqus/Explicit, the displacement is a function of time, 
and velocity and acceleration can be considered. The stiffness matrix also 
does not have to be inversed. However, such an analysis is unstable and very 
small time steps are required to ensure that the solution is conditionally 
stable. For the purpose of modelling low-velocity impact, both 
Abaqus/Standard and Abaqus/Explicit could be employed. Each method has 
its advantages and disadvantages. The modelling of low-velocity impact 
using Abaqus/Standard involves the assumption that the low-velocity impact 
event is a quasi-static event, and impact is simulated by prescribing a 
displacement to the impactor. On the other hand, the use of Abaqus/Explicit 
in the modelling of low-velocity impact allows for the assignment of an initial 
velocity to the impactor. To ensure stability, Abaqus/Explicit uses very small 
time increments of order 1e-9s. However a low-velocity impact event is 
considered long in time, of the order 5e-3s. A large amount of increments are 
hence required before the simulation is complete, resulting in a significantly 
longer simulation runtime when Abaqus/Explicit is used as compared to 
Abaqus/Standard.  An advantage of the use of Abaqus/Explicit in the 
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modelling of low-velocity impact is that it allows for a more detailed study of 
the impact event such as the impact force versus time curve, and the energy 
dissipated in relation to each different damage mode occurring in the 
laminate due to the impact event. More detailed information on the 
differences between Abaqus/Standard and Abaqus/Explicit could be found in 
the Abaqus manual [146]. 
Material non-linearity and geometric non-linearity can exist in stress 
analysis problems. A range of non-linear material behaviors which are 
mainly history dependent are offered in Abaqus. In these materials, the 
material’s response at a particular time is dependent on what the material 
underwent at previous time steps. However in the analysis of low-velocity 
impact of CFRP laminates, material non-linearity need not be taken into 
account since carbon-epoxy composites are brittle. To account for geometric 
non-linearity, Abaqus has a ‘Nlgeom’ setting that is turned off by default for 
Abaqus/Standard steps and turned on by default for Abaqus/Explicit steps. 
This setting can be turned on or off for each individual step in the finite 
element analysis in Abaqus/Standard. When the ‘Nlgeom’ setting is turned 
off, the problem is defined as a small displacement analysis in which non-
linearity is ignored and the kinematic relationships in the element 
calculations are linear. In this case, the elements are formulated in their 
reference configurations using their reference nodal coordinates. When the 
‘Nlgeom’ setting is turned on, the problem is defined to include the effects of 
large displacements, and the elements are formulated in their current 
configurations using their current nodal coordinates.  For the purpose of 
modelling low-velocity impact and CAI test in CFRP laminates, geometric 
non-linearity is included to account for the large rotations especially during 





In this chapter, the background information required for this research 
such as the definitions of low-velocity impact and barely visible impact 
damage have been presented. The importance of CAI strength as a damage 
tolerance measure has also been explained. In the literature review section of 
this chapter, different computational modelling methods for low-velocity 
impact tests and CAI tests of CFRP materials adopted by other researchers 
have been presented. This information is useful for the research because a 
good understanding of the different computational modelling methods 
employed and the results achieved is necessary for fulfilling one of the 
objectives of this research: To avoid the over-simplification of the FE models 
such that the predictions obtained and inaccurate, yet also to avoid having to 
model to such an impractical and excessive level of accuracy such that the 
method loses its efficacy. The various low-velocity impact damage 
mechanisms in CFRP materials, such as the mechanisms of matrix cracking 
and the mechanisms of the interaction between matrix cracks and 
delaminations have been expounded in this chapter. This information would 






CHAPTER 3  
FINITE ELEMENT MODEL  
 
Progressive failure analysis of composite structures generally 
involves a stress analysis, where the stress and strain distributions in the 
laminates due to a prescribed load and boundary conditions are analyzed, 
and a failure analysis, where damage accumulation in the laminates is 
evaluated by a proposed failure criterion to detect failure initiation combined 
with a proposed material property degradation model to simulate a loss in 
the load-carrying capability of the element in which failure has initiated 
[147]. Some of the challenges faced in the performance of progressive failure 
analysis include convergence issues, mesh dependency issues and the 
selection of an appropriate material softening law.  
In the finite element simulation of progressive failure due to low-
velocity impact, the implementation of a suitable failure criterion and 
material property degradation model that describes the material behavior 
appropriately is essential. This is because the material model plays the very 
important role of determining factors such as the damage extent, amount of 




3.1 Modeling strategy 
There exist different modes of damage in a composite laminate, and 
these different modes of damage accumulate and interact with each other, 
leading ultimately to final failure of the composite laminate. A progressive 
damage model should have the capability of capturing the different damage 
modes. There exist a large number of failure criteria and damage modeling 
techniques. In the current study, two different constitutive models are used 
[148] to model the in-plane damage progression and interlaminar 
delamination. The continuum mechanics (CDM) method is used to model the 
in-plane damage progression. This model used is based on a hybrid 
maximum-stress and Tsai-Wu or Hashin failure criteria written into an 
Abaqus user-defined subroutine (UMAT) [146] for use with 3D continuum 
shell elements. Delaminations are modeled using the cohesive elements 
available in Abaqus.  
3.1.1 In-plane damage modeling 
3.1.1.1 Damage initiation 
Hybrid Maximum-Stress and Tsai-Wu failure criterion  
As explained in Section 2.3 above, the Tsai-Wu failure criterion is 
incapable of differentiating between the different modes of failure. To 
overcome this limitation, the Maximum Stress failure criterion is used in 
conjunction with the Tsai-Wu failure criterion, where the former is used to 
detect and model fiber-dominated failure initiation, and the latter to detect 
and model matrix-dominated failure initiation [148, 149].  
Fiber dominated damage initiation is determined using the following 
maximum stress criterion in the fiber direction: 
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Tensile fiber failure: 
   
  
      (11) 
Compressive fiber failure: 
   
  
    (12) 
 
Matrix dominated damage initiation is determined using the following 
Tsai-Wu failure criterion: 
                
       
                










           
 
     









     
 
    
               
 
   
             







Hashin failure criterion 
The Hashin failure criterion was also used to model failure initiation for both 
fiber and matrix dominated damage in a separate FE code. Damage is deemed 
to have initiated once any of the following sub-criteria that make up the 
Hashin failure criterion is met: 
Tensile fiber failure (where      ) 
(





   
 
   
    (13)  
Compressive fiber failure (where      ) 
(




   (14)  
Tensile matrix (transverse direction) failure (where      ) 
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Compressive matrix failure (where      ) 
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3.1.1.2 Damage progression 
After damage is deemed to have initiated, damage progression is 
modeled using a stress-softening model to capture the energy dissipation 
process. A smeared formulation as proposed by Pinho et al. [118] is used, in 
order to avoid strain localization which would in turn lead to mesh 
dependency. Strain localization occurs when narrow and highly strained 
zones emerge prior to failure. In the smeared formulation, cracks are not 
explicitly modeled; rather, fracture energy is distributed or smeared over the 
entire element volume. As a result, a length parameter with dimensions 
relative to the element dimensions and runs perpendicular to the fracture 
plane, also known as characteristic length of the element, is introduced into 
the constitutive law. A characteristic length is an averaging length that is a 
function of geometry and material properties [150]. The reason for the 
introduction of a length parameter into the constitutive law is demonstrated 
in the following example, as explained in [118]: 
 





Figure 14 Linear softening applied to simulate material degradation 
 
Consider an element shown in Figure 13, with dimensions L1 by L2 by 
lc, failed along a fracture plane. The energy absorbed by the element after 
complete fracture, U, is given by: 
    
    
 
        
    
 
 (17) 
Where V refers to the volume of the element, and V= L1L2lc,  
    refers to the material strength and   
 




The energy per unit area, Gfc in the case of fiber dominated damage 
and Gmc in the case of matrix dominated damage, when multiplied by the 
corresponding area given by     , would give us the total energy absorbed 
by the fractured element, U.  
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Taking the example of fiber dominated damage, 
           (18) 
Equating equations (17) and (18), we obtain the maximum strain    as 
follows: 
   
    
    
 (19) 
As seen in equation (19), the characteristic length lc has been introduced 
into the constitutive law.  
 
The basis of such a softening law is the assumption that the total 
energy required to create a crack that passes through the element is the same 
as the energy required to fail the element. The strain energy released by an 
element undergoing failure can be determined from the area under the 
stress-strain curve (Figure 14), multiplied by the characteristic length of the 
element, lc. In Abaqus [146] lc is defined as the square root of the area of a 
continuum shell element. This strain energy released by the element 
undergoing failure is then equated to the critical energy release rate, or the 
fracture toughness, of the composite material in the fiber direction, Gfc, as 
summarized in Equation (20): 
∫                (20) 
Where       is the effective displacement for this failure mode.  
Equation (20) is used to simulate damage progression after fiber 
dominated damage predicted by the Maximum stress failure criterion has 
initiated. Damage progression is modeled by degrading E11, E22 and G12, 
together with the Poisson’s ratio ν12 using a linear softening law. The stress 
of the ply decreases linearly with strain, as shown in Figure 14. Similarly, 
after matrix dominated damage initiation is predicted by the Tsai-Wu failure 
criterion, matrix damage progression is modeled using a linear softening law, 
64 
 
in which the transverse stiffness E22, shear stiffness G12 and Poission’s ratio 
ν12 in the elements are degraded.  
For matrix dominated damage progression, mixed-mode failure has to 
be considered since matrix dominated damage involves both the normal 
stress     and the shear stress    . In this case, the linear softening law is 
defined based on the following energy criterion:  
∫                (21) 
Where       √        
  (22) 
      √        
  (23) 
     refers to the effective stress, 
     refers to the effective strain, 
    
refers to the mixed-mode fracture toughness under combined 
Mode I and Mode II loading 
    is assumed to follow the mixed-mode fracture enery criterion developed 
by Benzeggagh and Kenane [151]: 
        (       ) 
  (24)  
Where      refers to the mode I critical fracture energy,  
     refers to the mode II critical fracture energy,  
   
  
     
  
    
 
 
〈   〉〈   〉   
    
 
 
         
 
  is a material property obtained from mixed mode bending tests at 
different mode ratios. The value used here is 1.39. 
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A combination of fiber and matrix dominated damage is considered in 
the model using the following degradation methods: 
    (    )     (25) 
    (    )(    )     (26) 
    (    )(    )     (27) 
    (    )(    )     (28) 
 
Where  the subscript 0 indicates undamaged material properties, 
    refers to the degradation factor for fiber dominated damage,  
    refers to the degradation factor for matrix dominated damage. 
 
The degradation factors are defined in such a way that they degrade 
the relevant material properties linearly to zero. The degradation factors 
take on the value of 0 at the onset of failure (when      as shown in Figure 
14) and a value of 1 at final failure, when     . After failure initiation is 
predicted by a failure criterion, damage progression is modelled by 
multiplying the relevant material parameters to be degraded by (1-d) in each 
time-step of the simulation. This ensures that the material parameters are 
progressively and linearly degraded to zero without any discontinuity.  
 The instantaneous value of the degradation factors    and    can be 
obtained from equations (20) and (21), together with Figure 14, and is 
defined by Pinho et al. [118] to be: 
               [    
    
 (     )
]   (29) 
When tensile fiber dominated damage is predicted by the Hashin 
failure criterion, the effective stress and displacements have to be considered 
66 
 
before the fiber dominated degradation law is applied because in such a case, 
both the tensile and shear stresses     and     are involved. The following 
are expressions for the effective stress and displacement in fiber dominated 
failure: 
      √       
  (30) 
        √        
  (31) 
The effective stress and strain in matrix-dominated failure are given in 
Equations (22) and (23). 
The mixed-mode energy criterion used for this model in which damage 
initiation is predicted by the Hashin failure criterion is the Benzeggagh and 
Kenane criterion [151] (Equation (24)). 
 
3.1.2 Delamination modeling 
In this model, damage at the ply interface, or delaminations, are 
modeled using cohesive elements available in Abaqus. Layers of cohesive 
elements are included in between composite plies with different orientations. 
This can be done to reduce computational time because it is known that 
delamination only occurs mainly between plies with different fiber 
orientations under impact loading [29].  
The damage in the cohesive elements is described by a traction 
separation law available in Abaqus. Before damage initiation, elastic behavior 
is assumed. The elastic behavior is described by the stress-strain relationship 
of the elements, where the stresses tn, ts and tt are obtained by dividing the 
force components over the original area at each integration point, and the 
strains       and    are obtained by dividing the separations or 
displacements   ,    and    by the original thickness, To, of the cohesive 
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elements at each integration point. The following expression describes the 






   
   






Where  tn refers to the normal traction 
 ts and tt refers to the two shear tractions 
    ,    and    refers to the cohesive stiffness 
       and   refers to the normal and shear strains  
    
  
  
,    
  
  




   refers to the original thickness of the cohesive element 
    refers to the normal displacement 
    and    refers to the two shear displacements. 
 
According to the traction-separation law, delamination is assumed to 
initiate once the following stress-based quadratic failure criteria proposed by 












   (33) 
Where N refers to the normal strength of the interface and 
 S refers to the shear strength of the interface. 
 
Delamination growth is then modelled using an energy-based linear 
softening traction-separation law:  
∫        (34) 
where     refers to the mixed  mode fracture energy  





  refers to the effective traction,  




  refers to the displacement 




3.1.3 Control of finite element instabilities 
The implementation of the material softening or stiffness degradation 
method described in sections 3.1.1.2 and 3.1.2 above might lead to numerical 
instabilities and non-convergence in the finite element analysis. Graça-e-
Costa et al [153] proposed a non-iterative approach to overcome 
convergence difficulties. This approach is used in approximating the linear-
softening curve in the stress-strain relationship by a zig-zagging curve 
(Figure 15) to overcome convergence problems in this current study. The 
stiffness of the the damaged element is degraded in a stepwise manner 
(which also means that the degradation factor is increased in a piecewise 
manner) while the stress deviation from the linear curve is kept at less than 5% 
of the strength. Such a zig-zag degradation ensures that a positive tangent 
modulus exists most of the simulation time, and a converged solution for the 
stiffness can be attained faster when the stiffness is piecewise constant with 




Figure 15 Zig-zag approximation of the linear softening law for in-plane 
material stiffness degradation [148] 
 
 This zig-zag approximation is implemented in all the linear softening 
laws used for the simulation of damage progression described in sections 


























3.2 Development of FE model  
The commercially available finite element analysis software 
Abaqus/Standard version 6.11 was used in this current study. In the first 
analysis perfomed, a simple 8-ply laminate with [0/45/90/-45] s layup was 
chosen to be used in the impact FE simulations. Such a laminate stacking 
sequence can be considered the most common stacking sequence used in 
many applications. This layup would continue to be the reference layup for 
the parametric studies conducted and reported in Section 4.2. Throughout 
this study, the 0o fiber direction is defined to be horizontal, and angle is 
increased by rotating the positive x-axis in the positive y-direction. Figure 16 




Figure 16 Fiber orientations 
 
The FE model of the composite plies was modeled using the eight-
node quadrilateral 3D continuum shell elements SC8R with one element per 





Section 3.1.1 is assigned to the continuum shell elements within the 
composite plies by means of the implementation of a user-defined material 
subroutine UMAT. Each interface was modeled with one cohesive element in 
the thickness direction, and the intralaminar damage model described in 
Section 3.1.2 is used.  
Continuum shell elements are chosen in this model because they 
allow for more accurate contact modeling than conventional shell elements, 
with consideration for two-sided contact and changes in thickness. 
Continuum shell elements can also model the stacking of different angled 
plies in a composite laminate better as they capture the through-thickness 




Figure 17 (a) x-z view of the impact FE model, (b) Magnified x-z view, showing the ply and cohesive numbering and 






The dimensions of the FE model are chosen to be 50mm by 50mm for 
convenience of modeling and meshing. Each composite ply was 0.1875mm 
thick, and each cohesive element used to model the interface was modeled to 
be 0.01mm thick. The thickness of the cohesive elements should be at least 
10 times smaller than the composite elements [154]. The cohesive layers 
used in this FE model are about 20 times thinner than the composite plies. In 
this study, the bottom most ply away from the impact face is named 
“Composite Ply 1”, and the interface ply between composite plies one and 
two is named “Interface 1”, or “Cohesive 1”. In this manner, the composite ply 
on the impact face will be numbered the same number as the total number of 
plies the composite laminate is composed of, as illustrated in Figure 17.  
 The material properties used in the FE model are those of 
T800S/3900-2B (high strength graphite/toughened epoxy, Toray, Japan) 
[155, 156] and are summarized in Table 2 below, while the interface 
properties are summarized in Table 3. These material properties are chosen 
to compare the simulation results with the experimental results of Kimpara 




Elastic Property Value 
Modulus in the fiber direction     (GPa) 138.5 
Transverse modulus     (GPa) 8.76 
Transverse modulus     (GPa) 8.76 
Shear modulus     (GPa) 4.57 
Shear modulus     (GPa) 4.57 
Shear modulus     (GPa) 3.40 
Poisson’s ratio      0.324 
Poisson’s ratio      0.324 
Poisson’s ratio      0.45 
Ply Strength Value 
Longitudinal tensile   (MPa) 2960 
Longitudinal compression    (MPa) 1500 
Transverse tensile   (MPa) 26 
Transverse compression   (MPa) 146 
Longitudinal shear    (MPa) 75 
Transverse shear    (MPa) 75 
Fracture Toughness Value 
Longitudinal toughness in tension    
  (kJ/m2) 152 
Longitudinal toughness in compression    
  (kJ/m2) 79 
Transverse normal toughness     (kJ/m
2) 0.71 
Transverse shear toughness     (kJ/m
2) 2.176 






 Normal strength   (MPa) 26 
 Shear strength   (MPa) 75 
 Normal toughness    (kJ/m
2)  0.71 
 Shear toughness    (kJ/m
2)  2.176 
Table 3 Material properties of cohesive elements 
 The initial stiffnesses and interface strengths of cohesive elements are 
necessary input parameters. The initial stiffness values in Equation (32) are 
calculated from the thickness of the cohesive elements and modulus of the 
composite plies in the following equation [157]: 
            
   
  
 (37) 
Where   is a parameter much larger than 1;      
Turon et. al. [157] determined that an interface stiffness should be 
sufficiently large to model a reasonable stiffness value, yet small enough to 
reduce risks of numerical problems such as spurious oscillations of the 
tractions in an element. Turon et. al. also determined that the loss of stiffness 
of the composite laminate due to the presence of an interface is less than 2% 
when the value of    is chosen to be greater than 50. They thus proposed a 
cohesive stiffness value of 4.43MN/mm3 for a sublaminate of thickness 
0.125mm. Camanho et. al. [158] proposed a stiffness value of 1MN/mm3 for 
all sublaminate thicknesses. In the FE models used in this research, the 
interface modulus E3 in Equation (37) is assumed to be that of the matrix 
material #3900-2B produced by Toray, with a value of 3.5GPa, and the value 
of   was chosen to be 50.  
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 For the prediction of delamination initiation in Equation (33), the 
values for cohesive strength parameters N and S have to be specified. Brewer 
et. al. [152] determined that the transverse tensile strength and shear 
strengths of a unidirectional composite provide good estimations for the 
interlaminar normal and shear strengths N and S. Hence, the values of N and 
S are assumed to be 26MPa and 75MPa in this study respectively. The value 
of the shear toughness    is obtained from ENF tests performed on five 
T800S-3900-2B specimens by Davidson et. al [156]. The value of the normal 
toughness   is obtained from Mode I interlaminar fracture toughness tests 
[159] performed by Hojo et al.  
There are two different ways of modeling the connection between the 
composite and cohesive plies. In the first method, both the composite and 
cohesive plies share the same in-plane mesh size such that the nodes at each 
layer are shared with the adjacent layers. The second method involves 
connecting the different plies through the use of Tie Constraints, a capability 
within Abaqus. Tie constraints serves to bond the surfaces of the plies 
together permanently, ensuring that the translational and rotational 
movements are the same for the connecting surfaces. Both methods were 
employed in this study, and it was found that the first method was about two 
times more computationally efficient than the method of using tie constraints.  
The impactor is modeled as a rigid body with infinite stiffness, and is 
constrained to move only in the z-direction. The impact process is modeled 
by prescribing a displacement instead of a velocity to the impactor, as low-
velocity impact can be considered a quasi-static process [12, 41]. In impact 
experiments, impact energy is varied by varying the mass of the impactor 
and height from which the impactor is dropped. The impact energy can be 
calculated from the standard formula for potential energy, E=mgh. In this FE 
model, the impact energy is obtained from the area under the force-
displacement curve plotted from the FE results.  
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The first impact model was meshed in the simplest way with identical 
elements of the same size (Mesh 1), shown in Figure 18. Impact was 
simulated using a displacement of 5mm in the thickness direction. The edges 
of the laminate were fully clamped. However the use of identical elements 
throughout the entire model is unnecessarily computationally expensive as 
elements around the locus of the point of impact has to be sufficiently small 
in order to capture the impact damage accurately, while coarser elements 
can be used nearer the edge of the impacted CFRP laminate where damage is 
not expected to occur. A second mesh (Mesh 2) (Figure 18) is then generated 
using hex-dominated elements with advancing front algorithm based on local 
seed placement with enhanced hourglass control. This algorithm allows for 
the generation of a biased mesh with variable element sizes- one that is 
denser in the middle where impact occurs, and coarser towards the edges of 
the laminate. Furthermore, Mesh 2 is designed such that the elements are 
arranged in a circular manner outward [160]. This is advantageous to the 
modeling of quasi-isotropic composite laminates because having the edges of 
the elements aligned in the fiber direction would improve the prediction of 
matrix crack paths [161]. Figure 18 shows that both meshes are capable of 
predicting similar impact damage induced, while Table 4 demonstrates the 
significant computational time savings achieved in using Mesh 2 instead of 
Mesh 1.  
To shorten the computational time even further, a partial cohesive 
model as shown in Figure 19 is built. In this model, cohesive interfaces are 
included only in the center portion of the CFRP laminate model with a radius 
of 30mm (Figure 19c). The edge of the laminate where damage is not likely to 
occur does not contain cohesive elements. This is shown in Figure 19(a) and 
(b), and can be built using just one element through the entire laminate 
thickness. The variation in angles of each ply is specified using the composite 
layup module built in Abaqus.  
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Comparing the FE results obtained from the partial cohesive model 
with the results obtained from the models with Mesh 1 and Mesh 2, the 
partial cohesive model is proven to be capable of predicting similar impact 
damage induced from low-velocity impact Figure 18. The impact damage 
sequence predicted by both models is also the same. Hence this method of 
modeling is a viable method of modeling low-velocity impact, while reducing 
the total number of elements contained in the laminate model and 
subsequently reducing the total CPU time by approximately two times as 
reported in Table 4. This reduction in CPU time would be of significant 
impact especially in thicker laminates composed of a larger number of plies. 
 
 Number of elements per 
ply 
Total CPU time 
(h) 
Mesh 1  
(Uniform element size) 
19600 47.7 
Mesh 2  1056 19.4 
Partial cohesive model 840 8.3 
 
Table 4 Total CPU time required to complete a low-velocity impact 
simulation on a 16 ply laminate with [0/45/90/-45]2s layup 
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Figure 18 Low-velocity 
impact damage 
prediction for a 
[0/45/90/-45]s 
laminate obtained from 
(a) Mesh 1 (composed of 
uniform elements-the 
mesh is too dense to see 
the individual elements 
clearly), (b) Mesh 2 
(composed of smaller 
elements around the 
point of impact and 
larger elements towards 
the edge of the laminate) 


























Figure 19 (a) x-y 




view of the part 
without cohesive 
interfaces  
(c) isometric view 









Figure 20 Low-velocity impact damage prediction for a [0/45/90/-45]s 
laminate with (a) immediate degradation and (b) gradual degradation 
according to the linear law in Figure 21 
 
Figure 21 (a) Immediate stress degradation to zero after damage initiation (b) 




In Section 3.1.1.2, a degradation model which incorporates a linear-
softening law used in the FE analysis is detailed. The results from the low-
velocity impact FE simulation depicted in Figure 20 illustrate the necessity of 
implementing such a softening model. As seen in Figure 20(a), the low-
velocity impact induced delaminations are predicted to be of approximately 
the same shape and size at every interface when the linear softening law is 
not incorporated into the material degradation, and the stress is instantly 
reduced to zero after damage initiation (Figure 21(a)). It has however been 
widely observed in experimental studies that delaminations caused by low-
velocity impact are generally elongated, with their major axis coinciding with 
the fiber orientation of the layer below the interface where the delamination 
occurs [36, 58-60]. Figure 20(b) shows that with the linear softening law 
incorporated into the damage progression model, the delaminations 
predicted are elongated in the direction of the fiber orientation of the ply 
below the interface where the delaminations occur. This is in concordance 
with the experimentally observed delaminations, signifying that a stress-






The following lists the main points that have been established in this 
chapter, and will be adopted in the FE models used in this entire study: 
1. It has been shown through FE studies conducted and presented in 
Figure 20 that a linear softening law for material stiffness degradation 
is necessary for the prediction of the correct qualitative shape of the 
delaminations. Such a softening law is hence incorporated into the 
damage model used in this study.  
2. To control finite element instabilities and to promote easier 
convergence of the FE simulations, it is necessary to use a zig-zagging 
curve to approximate the linear softening curve.  
3. Cohesive elements are employed for the purpose of modeling 
delamination and the material degradation caused by the 
delaminations. The interface elements also allow for the study of 
damage progression because the shape and size of the individual 
delamination at each interface can be studied at any intermediate step 
throughout the impact process.  
4. A partial cohesive model with cohesive elements included only in the 
region nearer the point of impact has been found to reduce 
computational time by approximately half, while predicting similar 
impact damage results.  
5. A mesh that is composed of smaller elements around the point of 
impact and larger elements towards the edge of the model has been 
proven to be computationally more efficient than a mesh composed of 
uniform elements. Henceforth, such a mesh would be used for the rest 
of this study.   
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Chapter 4  
FINITE ELEMENT SIMULATIONS OF LOW-VELOCITY 
IMPACT  
 
The difficulty in modeling low-velocity impact arises from the 
complexities of low-velocity impact damage. For the same incident energy, 
different combinations of impactor mass and velocities can have different 
effects on the impact response [12]. Furthermore, different sizes and layups 
of the composite plates would display different damage patterns. The 
differences in damage patterns in turn lead to differing residual compressive 
strength, or CAI strength.  
The aim of this stage of the research is to predict the correct damage 
sequence as observed in experiments on impact damage and to predict the 
location and sizes of matrix cracks and fiber fracture, and the location, sizes 
and shapes of the delamination in each inter-layer to an acceptable accuracy.  
It is important to predict the actual through-thickness location, shape and 
size of individual delaminations instead of the total projected delamination 
area, because the post-impact strength of each specimen is dependent on the 
location, shape and size of the delaminations [75]. It is also important to 
predict the location and sizes of the matrix cracks because during 
compression, the delaminations and cracks interact, thereby cooperatively 
reducing the compressive strength of the composite. The CAI strength is 
dependent on both the delaminations and the cracks.  An FE model capable of 
accurately predicting the impact damage sequence and extent of damage for 
different impact and laminate parameters is crucial for the accurate 




4.1 Verification of FE model for low-velocity impact 
 To verify the reliability of the FE model in the prediction of low-
velocity impact damage, three experimental studies on low-velocity impact 
damage are referenced. The first involves a simple cross-ply laminate of 
layup [0o2/90o6/0o2] performed by Li et. al. [162]. The other two 
experimental studies are impact studies on 16-ply quasi-isotropic laminates. 
One is performed by Kimpara et. al. [3] and the other is performed by 
Aboissiere and reported by Bouvet et. al. [41]. In the experimental studies 
reported by Kimpara et al. [3] and Bouvet et al. [41], a detailed report of the 
matrix and fiber damage in each composite ply and the delamination 
geometry in each interface is reported. These experimental results are the 
benchmarks for the computational modeling work done in this research.  
 
4.1.1 Cross-Ply laminate of layup [0o2/90o6/0o2] 
 Low-velocity impact damage on cross-ply laminates is widely 
researched due to the relative simplicity of the impact damage pattern 
compared to other laminate layups. The low-velocity impact test performed 
on a cross-ply laminate by Li et. al. [162] is chosen as one of the cases of the 
impact damage studied in this current research. The laminate has the layup 
[0o2/90o6/0o2], and the resultant low-velocity impact damage is shown in 
































Figure 23 Damage prediction in a [0o2/90o6/0o2] cross-ply laminate under low-velocity 
impact 
 Undamaged 
 Matrix damage in composite elements 
Delamination in cohesive elements 
 Fiber failure in composite elements 
Impact damage on a [0o2/90o6/0o2] laminate 
Composite Ply 1, [0o2] 
Composite Ply 2, [90o6] 











Since no information was provided on the material properties, impact 
boundary conditions or the dimensions of the laminate used by Li et al. [162] 
for the impact experiment, the material properties used in this FE model is 
assumed the same as that presented in Table 2 and Table 3, and the 
dimensions used are the same as that prescribed in Figure 17. All four edges 
of the laminate are assumed fully clamped i.e. the displacements in the x, y 
and z directions are restricted and the rotations in the x, y and z directions 
are restricted. Although the material properties, laminate geometry and 
boundary conditions of the FE model might differ from that of the laminate 
used in the impact test, the general damage pattern predicted by the FE 
model should still be similar to the experimental result shown in Figure 22 
because the most prominent impact damage in a cross-ply laminate is the 
peanut-shaped delamination like that of Figure 22. Many different 
researchers have performed experimental impact tests on cross-ply 
laminates made of different material with different geometries and boundary 
conditions, and have reported similar peanut shaped delamination [36, 58, 
60].  
The finite element results for impact damage on [0o2/90o6/0o2] cross-
ply laminate show strong correlation with the experimental results. As seen 
in Figure 23, a long matrix crack is predicted in the bottommost ply, or Ply 1 
in the FE model. The same long intralaminar bending crack was observed in 
the bottommost ply named 3rd lamina in the experiment as seen in Figure 22. 
In Ply 2, the 90o ply in the FE model, short vertical matrix cracks are 
predicted, similar to that observed in the experiment. Finally the FE model 
was also able to predict the peanut-shaped delamination in Interface 1, with 
the lobes elongated in the 0o direction.  
 Towards the end of the simulation, fiber failure was predicted by the 
FE model to occur in Ply 1 and Ply 2 directly below the point of impact. 
Comparing the finite element results obtained from the low-velocity impact 
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simulation on the cross-ply laminate of layup [0o2/90o6/0o2] with the 
experimental results reported on a laminate of the same layup by Li et al. 
[162], it can be concluded that the FE model is capable of predicting the low-
velocity impact damage sequence and damage pattern accurately. However, 
since the dimensions of the laminate that was used in the experimental study 
and the size of damage were not reported, the size of the damage obtained 
from the FE prediction could not be compared with experimental results to 
further verify the reliability of the FE model.  
 
4.1.2 16-ply quasi-isotropic laminate of layup [-45o/0o/45o/90o]2s 
In this experimental study conducted by I. Kimpara and H. Saito [3], a 
detailed damage characterization of CFRP laminates due to low-velocity 
impact was mapped, and the residual CAI strength was reported. The aim is 
to compare the low-velocity impact damage predicted by the FE model with 
the low-velocity impact damage obtained in the experimental study 
conducted by I. Kimpara and H. Saito.  
The dimensions of the FE model and the material properties input 
replicate that of the dimensions and material properties of the composite 
laminate used by I. Kimpara and H. Saito [3] in their experimental study of 












Figure 24 (a) Experimental set up for low-velocity impact test (b) 
Dimensions of CFRP laminate (c) Magnified x-z view showing sequence of 









The experimental set up is illustrated in Figure 24. The material used 
in this experiment is T800S/3900-2B, and the material properties are 
summarized in Table 2. These same material properties are used for the FE 
model. The quasi-isotropic CFRP laminate used for this experiment bears a 
stacking sequence of [-45/0/45/90]2s. The specimen has a thickness of 3mm, 
a width of 43mm and a length of 150mm. The thickness of each composite 
ply is 0.1875mm. The gauge length, which is the distance along the specimen 
upon which contraction calculations are made during the CAI test, is 50mm. 
The gauge length can also be taken to be the distance between the grips on 
the specimen during the CAI test. During the low-velocity impact experiment, 
the composite laminate is clamped between two plates containing a circular 
hollow of diameter 30mm, as seen in Figure 24.  
In the FE model, each composite ply was modeled to be 0.1875mm 
thick, replicating that of the CFRP laminate used in the experiment. The 
dimensions of the FE model and experiment are shown in Figure 17 and 
Figure 24 above. The dimensions of the FE model are chosen to be 50mm by 
50mm for convenience of modeling and meshing. Although these dimensions 
are different from that of the laminate used in the referenced experiment, the 
effect of the difference in dimensions on the low-velocity impact damage is 
expected to be negligible since the boundary conditions used for the impact 
test as shown in Figure 24(a) is a 30mm diameter circular opening. In the FE 
model, the boundary conditions imposed on the laminate as shown in Figure 













In the low-velocity impact experiment, an impactor of mass 1113.5g 
and 16mm in diameter was used to achieve an impact energy of 2J/mm, 
which typically results in barely visible impact damage. No information was 
provided on the drop height or impact velocity. For the composite laminate 
considered, the thickness of 3mm means that the total impact energy applied 
was 6J. Impact energy is specified in units of ‘J/mm’, or Joules per unit 
thickness, instead of units of ‘J’ in order to facilitate comparison of the impact 
damage across different experiments. Specifying impact energy in units of 
‘J/mm’ serves to normalize the impact energy such that regardless of plate 
thickness, the impact energy and the subsequent impact damage can be 
compared. The normalization of impact energy has to be performed because 
for the same absolute impact energy, different plate thickness would exhibit 
a different damage extent. When composite plates of different thicknesses 
are subject to the same absolute impact energy, the damage incurred in 
Figure 25 Boundary conditions imposed on FE 
model 
Region fully 





thinner laminates would be more extensive than the damage incurred in 
thicker laminates. This is because thinner laminates have fewer plies to 
absorb the dissipated impact energy.  
In the experiment performed by Kimpara et al. [3], the delamination 
and crack profile of the impact damaged laminate was extracted in two steps 
(Figure 26): Firstly, the laminate was scanned with an ultrasonic scanning 
device. This allows for a non-intrusive evaluation and provides information 
of delamination in each interface in the x-y plane. This information was 
accumulated in the z-direction. Secondly, the specimen is cut into pieces of 
1mm thickness as shown in Figure 26, and direct observation with an optical 
microscope was used to obtain information on delaminations and transverse 
crack in the y-z plane. This information was accumulated in the x-direction. 
From these evaluations, a 3D map of damage distribution is obtained, as 
shown in Figure 27.  Figure 28 shows the detailed delamination damage map 
obtained in this experiment. In  Figure 28, only half of the specimen is shown 
because the delamination is rotationally symmetrical about the line passing 









Figure 27 Damage distribution image for the impacted [-45/0/45/90]2s laminate obtained from the 3D damage 






 Figure 28 Detailed delamination distribution map for the impacted  
[-45/0/45/90]2s laminate. Only half the specimen is shown because the 
delamination is rotationally symmetrical about the line passing through the 
impact point in the z-axis direction.  [3] Opposite numbering of ply is shown 
here because such a numbering system is used by the researchers who 









In this experiment, Kimpara et. al. defined the 0o ply to be oriented in 
the vertical direction (Figure 29). Hence the [-45o/0o/45o/90o]2s layup in the 
experiment is equivalent to a [-45o/90o/45o/0o]2s layup in the FE model 
(Figure 16).  
 
Figure 29 Fiber orientations for the experiment conducted by Kimpara et al. 
[3] 
 
 Figure 30 presents the delamination profiles extracted from the 
experiments by I. Kimpara and H. Saito. Figure 30(b) was included to 
emphasize the fact that the delaminations progress in a direction that is the 
same as the fiber orientation of the ply below the interface. Figure 31 shows 
the low-velocity impact delaminations on the [-45o/0o/45o/90o]2s laminate as 
predicted by the FE model.  
The absolute delamination sizes obtained from the experiment 
conducted by Kimpara et al. [3] as shown in Figure 30 cannot be compared 
directly with the absolute delamination sizes predicted by the FE model as 
shown in Figure 31 because the experimental impact energy was 6J, while 
the impact energy prescribed to the FE model was 1.2J. This is due to a 





simulation will not converge once a drop in force is experienced, and it is 
found that the maximum impact energy that can be prescribed to the model 
to ensure convergence is 1.2J. The inability of the FE simulation to converge 
is due to an out-of-plane hourglassing effect, in which the elements distort in 
a manner where the strains calculated at all integration points are zero, 
leading to an uncontrolled distortion of the mesh without stresses to resist 
the distortion. Details on how this problem can be solved are found in Section 
6.2. Nevertheless, even with smaller impact energy of 1.2J, the low velocity 
impact damage predicted by the FE model was found to have good 
agreement with the experimental results reported by Kimpara et al. in terms 
of the damage sequence, delamination shapes and the relative delamination 
sizes in each interface. The absolute delamination sizes predicted by the FE 
model are smaller than the experimental delamination sizes because the 
impact energy in the FE model is smaller than that in the experiment.  
In Figure 30, it could be seen that the smallest experimental 
delamination occurred in Interface 3 (8.8mm), and the second smallest 
experimental delamination occurred in Interface 4 (11mm). The same trend 
is predicted by the FE model (Figure 31)- the smallest delamination is 
predicted to occur in Interface 3 (6.2mm) and the second smallest 
delamination is predicted to occur in Interface 4 (8.8mm).  By visual 
inspection of the experimental delaminations in Figure 30, it is obvious that 
the delamination occurring in Interface 10 is of the largest size in spite of the 
fact that its length is reported to be 15.3mm, smaller than the length of the 
delamination found in Interface 11 which has a length of 19.1mm. This is 
because it has the largest width of 6.7mm, which is double the width of the 
delamination found in Interface 11 (3.3mm). While the FE result reported in 
Figure 31 was incapable of predicting the lengths and widths of the 




The direction of delamination progression has also been well 
predicted by the FE model, in that the direction of delamination progression 
follows that of the fiber orientation of the ply below the interface.  
An interesting observation is related to the delamination at interface 
10. It has been observed from the experimental results [3] in Figure 30(a) 
that interface 10 contains two small delaminations separate from the main 
delamination area, such that the delamination at interface 11 is flanked by a 
small and a big delamination occurring at interface 10. Such a phenomenon 
has also been predicted by the FE model, as seen in Figure 31. 
In view of the above results, it can be concluded that the FE model 









Figure 30 Delamination profile obtained from experiments. (a) Delamination profile provided by I. Kimpara and H. Saito. [3]  
(b) Delamination profile as intepreted in current thesis, showing the lengths of the delaminations. 
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Figure 30(c) Delamination profile as intepreted in current thesis, showing the widths of the delaminations. 
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 Delamination in 
cohesive elements 
Figure 31(a) Low-velocity impact delaminations on a [-45o/0o/45o/90o]2s laminate predicted by the FE model, 
showing the lengths of the delaminations 
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Figure 31(b) Low-velocity impact delaminations on a [-45o/0o/45o/90o]2s laminate predicted by the FE model, 




4.1.3 16-ply quasi-isotropic laminate of layup [0o2/45o2/90o2/-
45o2]s 
Finally, low-velocity impact simulations was run on an FE model with 
layup [0o2/45o2/90o2/-45o2]s and the simulation results were compared with 
the results obtained by Bouvet et al. [41] to verify the reliability of the FE 
model devised in this research. Low-velocity impact experiments on 
[0o2/45o2/90o2/-45o2]s laminates were carried out by Aboissiere and 
reported by Bouvet et al. in [41], where the researchers also studied the low-
velocity impact modeling in laminate composite panels with discrete 
interface elements. Here, Bouvet et al. compared the FE results obtained from 
their model with the experimental results from experimental tests 
performed by Aboissiere, and concluded that ‘a very good match has been 
found’ (Figure 32). 
Impact is simulated on the current FE model using the same layup. In 
both Bouvet’s FE model [41] and the current FE model, the diameter of the 
impactor is 16mm, and low-velocity impact was simulated using a prescribed 
displacement in the z-direction to the impactor. In both FE models, all four 
edges of the laminate are simply supported i.e. the displacements in the x, y 
and z directions are constrained. The key differences between Bouvet’s [41] 
FE model and the current FE model are the material properties used, 
dimensions of the laminate and the impact energy. Bouvet et al. did not 
provide the material properties used in their model, hence the properties 
used in this current FE model is that of the material T800S/39002B, as listed 
in Table 2. The laminate in Bouvet’s model is 125mm in length and 75mm in 
width while the laminate in the current FE model is 75mm in length and 
75mm in width. In Bouvet’s model, the impact energy was 28J, while the 
impact energy used in the current model was very much lower, at 1.2J.  
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A qualitative comparison of the results obtained from the current FE 
model with that of the FE results obtained by Bouvet et al. is presented in 
Figure 33. Due to the lower impact energy prescribed to the FE model used in 
this research, the damage sizes are very much smaller than that predicted by 
Bouvet’s model, with the exception of the delamination size in Interfaces 3 
and 6. This might be due to the differences in the interface stiffness 
prescribed to the model, and the way in which the stiffness is degraded once 
damage has initiated. Nevertheless, the matrix cracks orientation, 
delamination shapes and delamination orientation predicted by the current 
FE model are generally in good agreement with that reported by Bouvet et al. 
 
Figure 32 Experimental and modeling delamination in the impacted and non-



















Figure 33 (b) A detailed comparison of the delaminations observed in an 












Figure 33 (c) A detailed comparison of the delaminations observed in an 
experiment with the delaminations predicted by the FE model with 
































4.2 FE study of low-velocity impact on a [0o/45o/90o/-45o]s 
laminate (Reference case- Model A) 
 
An eight-ply quasi-isotropic laminate with a stacking sequence of 
[0o/45o/90o/-45o]s is chosen to be the reference laminate used in this study, 
and is the basis of comparison for the parametric studies that are conducted 
and presented later in Section 4.3 of this thesis. This is chosen as a reference 
case because low-velocity impact FE simulation on an 8-ply laminate is not 
too computationally demanding, with an average computational time of 
approximately 20 hours.  
The dimensions of this reference laminate are 50mm by 50mm with a 
total thickness of 1.07mm. Each composite ply is modeled to be 0.125mm in 
thickness, and each cohesive ply is modeled to be 0.01mm in thickness. A 
fully clamped boundary condition is imposed on all four edges of the 
laminate by stipulating the displacements at all four edges in the x, y and z 
directions and the rotation about the x, y and z directions to be zero. The 
















 The following observations can be made from the impact damage 
prediction obtained from Model A: 
 The first sign of damage due to impact is the initiation of matrix 
cracks in Composite Ply 1, the ply furthest away from the impact face. 
This occurred at increment 24 of the FE simulation (Figure 36). Soon 
after, delamination initiated in every interface at almost the same time. 
Matrix cracks then initiated in Composite Ply 2.  
 From Figure 34(a), it is observed that matrix cracks generally 
propagate in the direction of the fiber orientation for the ply. The 
matrix cracks in Composite Ply 1 are the most extensive. 
 The major direction of delamination growth is observed in Figure 34(b) 
to be oriented parallel to the fibers of the ply below the interface at 
which the delaminations occur.  
 As seen in Figure 34(b), delamination area is the largest at interface 1, 
and tends to decrease towards the impact face. 
 There exists a correlation between the size of a matrix cracks and the 
size of the delamination at the interface above the matrix cracks, as 
observed in Figure 35. 
 These observations made are in good agreement with experimental 





Figure 35 Impact damage occurring at Ply 1 and Interface 1, captured at 
different impactor displacement increments to demonstrate the relationship 













Figure 36 Pictorial representation of impact damage sequence in a 
[0/45/90/-45]s layup. Red represents the increments at which matrix crack 
initiation and growth occurs, yellow represents the increments at which 


















Interface 1 Interface 2 Interface 3 
Figure 37(b) Comparison of impact damage predicted by FE models with and 













In order to study the effects of matrix cracks on delamination 
formation, pre-cracks were included in the composite plies of a laminate with 
the same stacking sequence as Model A ([0o/45o/90o/-45o]s). The cracks 
were 5mm in length, one-tenth of the length of the composite plate, and lie in 
the direction of the fiber orientation, as shown in Figure 37(a). The 
delaminations occurred much earlier in the model with pre-cracks, and are 
larger in size than that in the model without pre-cracks. In the damage 
sequence mapped out in Figure 36, damage first initiated in the form of 
matrix cracks in Ply 1 at increment 24. This matrix crack would drive the 
delamination growth in Interface 1 in the same direction as the matrix crack. 
Delamination initiated in Interface 1 at increment 27. Figure 36 shows that 
matrix cracks occurring in Ply 1 are the precursor to delaminations. Since 
cracks already pre-exist in the model with pre-cracks, the delaminations 
occurred much earlier in the model with pre-cracks. A possible reason for the 
larger delamination sizes in the model with pre-cracks is that impact energy 
that would otherwise have been used in the formation of matrix cracks are 
used for the formation of delaminations instead, since cracks already pre-





4.3 Parametric studies 
 
 It has been widely shown by many different studies [23, 55, 64, 164-
167] that low-velocity impact damage on CFRP laminates is sensitive to 
different parameters such as the stacking sequence of the composite 
laminate, the total thickness of the laminate, the ply thickness, boundary 
conditions etc. To better understand the effect of each variable on the impact 
damage pattern of a CFRP laminate subject to impact, parametric studies are 
carried out. The parameters considered in this study are summarized in 
Table 5 on the next page. In order to study the effect of decreasing the 
individual ply thickness on the low-velocity impact damage pattern in a CFRP 
laminate, Model B is created, in which the individual ply thickness was 
reduced to 0.03mm, approximately a quarter of the individual ply thickness 
of Model A. Thin ply laminates are of interest because there have been 
reports that thin ply laminates demonstrated higher CAI strength compared 
to standard ply laminates [168, 169]. Model C, with a stacking sequence of [-
45/0/45/90]s, was created to study the effect of varying the orientation of 
the bottommost ply, or the ply farthest from the impact face. Model D was 
created to study the effect of increasing the totally number of plies in a 
laminate, Model E was created to study the effect of ply-grouping on the low-
velocity impact damage pattern and finally, Model F was created to study the 
effect of having a small relative angle between each successive ply in the 
composite laminate.  
For all the results presented in this section, only the damage in the 
bottom half of the laminate (Ply 1 to the mid-ply) is shown as damage in the 
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4.3.1 Thin-ply effect 
A thin ply FE model (Model B) with each ply thickness approximately 
a quarter that of the ply thickness of the reference laminate (Model A) is built 
to study the effect of ply-thickness on delamination. This thin-ply model 
bears the stacking sequence [0/45/90/-45]2s. Thin ply laminates are of 
interest because there have been reports that thin ply laminates demonstrate 
higher CAI strength compared to standard ply laminates. The ply thickness of 
thin ply laminates generally range between half to a quarter the thickness of 











Figure 38 FE prediction of impact damage from Model B 
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 The delamination pattern and damage sequence predicted from the 
FE simulations for Model B in Figure 38 is markedly different from the 
delamination pattern and damage sequence predicted in Model A (Figure 
34(b)). In Model A, the delamination area was most extensive at the 
bottommost interface away from the impact face, and the delamination area 
decreases towards the impact face. However, in Model B, the delamination 
areas were the smallest at the extreme interfaces (i.e. bottommost interface 
and impact face interface). The most extensive delamination was observed 
around the mid-plane.  
 Various studies on the effect of thin-ply laminate have been conducted 
by different researchers, and differing results and conclusions were reported. 
In [171], Stavropoulos et al. reported that an increase in laminate thickness 
achieved via the use of thicker ply laminates instead of the use of more plies 
of the same thickness would result in higher CAI strength values. In this 
study, the thin ply laminates had a ply thickness of 0.125mm while the thick 
ply laminates had a ply thickness of 0.25mm. In other words, Stavropoulos et 
al. [171] found that thicker ply laminates have higher CAI strength than 
thinner ply laminates. On the other hand, Saito et al. [168] reported that thin-
ply laminates of 0.038mm ply thickness showed 23% higher CAI strength 
compared to standard ply laminates of 0.147mm ply thickness. Yokozeki et al. 
[169] also reported that thin-ply laminates of 0.068mm ply thickness showed 
an 8% increase in CAI strength compared to standared ply laminates of 
0.134mm ply thickness. Sihn et al. [170] performed experimental studies on 
thin ply laminates of 0.04mm ply thickness and standard ply laminates of 
0.14mm ply thickness and reported that the projected delamination sizes for 
both types of specimens were almost the same. This is in contrast to that 
reported by Saito et al.[168], where the projected delamination area was 
found to be larger in thin ply laminates.  
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The results from Model B are presented in Figure 38. The results seem 
to concur with the experimental results reported by Saito et al. [168] on 
several aspects. First, the delaminations are found to be most extensive in the 
interfaces nearer the midplane. This is in contrast to delaminations in 
standard ply laminates in which delamination areas generally increase away 
from the impact face such that the interface furthest away from impact would 
sustain the largest delamination [163]. Secondly, Saito et al. observed few 
transverse cracks in thin ply laminates. In the FE model, the matrix cracks 
were observed only in plies 7-10.  
In Section 2.2.1, it has been discussed that there exists a minimum 
composite ply thickness in order for critical matrix cracks to propagate. This 
phenomenon could explain the results obtained from Model B. In a standard 
ply laminate such as Model A, each composite ply thickness exceeded the 
minimum thickness for critical matric cracks to propagate. Hence matrix 
cracks were observed at every layer and delaminations occurred at every 
interface. In thin ply laminates such as Model B, the composite ply thickness 
was below that of the minimum composite ply thickness for critical matrix 
cracks propagation, with the exception of the mid-ply where two plies of the 
same fiber orientation were stacked together. Hence, critical matrix cracks 
were able to propagate only in the middle layer. Since matrix cracks are the 
precursor to delamination as discussed in Section 2.2.1, delamination would 





4.3.2 Surface-ply effect 
 The surface-ply effect is of interest because there have been studies 
reporting that laminates containing surface angles of ±45o demonstrated 
superior impact resistance and improved residual strength as compared to 
those containing surface angles of 0o[163, 165]. To study the surface-ply 
effect, Model C is created. Model C is identical to Model A except for a change 
in the laminate layup. In Model C, the stacking sequence is [-45o/0o/45o/90o]s. 
A comparison between the impact damage predicted by both models could 
be used to study the surface-ply effect, or the effect of placing ±45o plies on 
the surface compared to having 0o plies on the surface of the laminate. 
 Hitchen et al. [163] performed experimental studies on the effect of 
stacking sequence on impact damage. The 16-ply laminates used had 
stacking sequences of [45/0/-45/0]2s and [0/45/0/-45]2s. The researchers 
reported that the total delamination area in panels with 45o surface plies was 
smaller than those with 0o surface plies. It was also reported that laminates 
containing ±45o surface plies displayed superior impact resistance and 
improved residual strength compared to those with 0o surface plies. The 
smaller delamination area in laminates with ±45o surface plies as compared 
to laminates with 0o surface plies was attributed to the higher energy 
absorbed in delamination initiation for laminates with ±45o surface plies. 
Less energy is hence available for delamination growth. 
The FE results obtained from Model A and Model C are presented in 
Figure 39. It is evident that the delamination area predicted by Model A is 
larger and more elongated than that predicted by Model C. However, the 
matrix cracks occurring in Plies 1, 3 and 4 in Model C seems to be more 
extensive than that occurring in Model A. The FE results show good 
agreement with the experimental studies performed by Hitchen et al. in 
terms of delamination size. However, the experimental matrix damage was 





















































Figure 40 FE prediction of impact damage from Model A and Model D 
 









4.3.3 Effect of laminate thickness 
 To study the effect of laminate thickness on impact damage, a 
comparison between the impact damage predicted by Model A and Model D 
was made. Laminate thickness is achieved via an increase in the total number 
of plies, with each ply thickness remaining constant. The results are present 
in Figure 40. Delamination at each interface in Model A was evidently more 
extensive than that in Model D. This result is in agreement with that reported 
by Stavropoulos et al. in [171], where the results from a study of the 
thickness effect on ballistically impacted CFRP laminates were presented. 
The researchers reported an increased threshold of higher impact energies 
for damage to initiate as laminate thickness increased, with each ply 
thickness remaining constant. Hence, thick laminates display a smaller 
damage size as compared to thin laminates.  
 
4.3.4 Effect of ply-grouping  
 The impact damage predicted by Models D and E were compared to 
study the effect of ply-grouping on the shape and size of impact-induced 
delaminations. The results are presented in Figure 41 below. Model E, with 
the presence of ply grouping, has six interfaces in which delamination can 
occur because delamination do not occur between plies of the same fiber 
orientation as discussed in Section 2.1.3 [18,35,36]. Since Model D has more 
interfaces in which delamination can occur, the total delamination area in 
Model D is larger than that in Model E. However, it is observed that the 
individual delamination areas occurring in the interfaces of Model E are 
predicted to be larger than those occurring in Model D. This results in Model 
E having a larger projected delamination area than Model D. 
 These results are in agreement with that reported by Fuossa et al. in 
[165]. The researchers studied the effect of ply grouping using two laminates 
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of layups [-453/03/453/903]s and [-45/0/45/90]3s, and found that the 
laminate with grouped plies had a projected delamination area more than 
twice that of the laminate without grouped plies. The largest delamination in 
Model D occurs in Interface 4, with dimensions of 8.4mm, while the largest 
delamination in Model D occurs in Interface 1, with dimensions of 17.3mm 
(Figure 41). Assuming the projected delamination area to be of the same size 
as the largest delamination, the projected delamination area predicted by 
Model E is 2.1 times that predicted by Model D.  
In Section 2.2.1, the role of a bending stiffness mismatch between 
adjacent composite layers in the formation of delaminations has been 
discussed. Liu [36] defined a bending mismatch coefficient between adjacent 
layers of differing fiber orientation, and reported that the greater the 
bending mismatch coefficient, the greater the size of the delamination. Using 
this same theory, Fuossa et al. [165] attributed the larger delamination area 
in the laminate with grouped plies to the increased bending stiffness within 
the ply group, resulting in an increase in stress concentration at the 
interfaces. Furthermore, ply grouping reduces the number of interfaces 
available for delamination. Since delamination serves to absorb energy from 
an impact, reducing the locations at which delaminations can take place will 



































4.3.5 Effect of relative angle between fiber orientations of 
adjacent plies 
 Model F with a layup of [0o/10o2/0o] served to investigate the effect of 
a small relative angle between the fiber orientations of adjacent plies. The 
results are presented in Figure 42 below. As observed from the results, there 
exists extensive matrix damage in the composite plies while delamination 
damage has just begun to initiate in the interface layers. Such a damage 
profile is significantly different from that observed in Models A-E where the 
relative angles between the fiber orientations of adjacent plies are all 45o. In 
Models A-E, the delamination sizes are always observed to be approximately 
that of the matrix damage at any particular point of time during the impact 
process, as presented in Section 4.2.   
 These findings are in agreement with the experimental findings of 
Hong et al. [172]. The researchers performed impact experiments on 
[05/θ5/05] laminates where θ was equal to 0, 15, 30, 45, 60 and 90, and found 
that the delamination area increased as θ increased, with θ=0 having no 
delamination at all. The researchers attributed this finding to the fact that 
delamination areas in a composite laminate subjected to impact is correlated 
to a bending stiffness mismatch between adjacent plies, and plies with a 
greater difference in fiber orientation angle would experience a larger 
bending stiffness mismatch, leading to a larger delamination area. 
Furthermore, the researchers found that the energy required for 






















In this chapter, the prediction of progressive damage due to low-velocity 
impact was presented. Although FE prediction of impact damage is a topic 
that has received widespread attention and research, developing an FE 
model for impact is a necessary step towards a holistic integrated FE analysis 
approach.   
Comparisons were performed between the impact damage predicted by 
the impact FE model developed in this research with experimental impact 
damage reported in literature. The impact FE model developed has been 
verified to be capable of predicting impact damage that shows good 
agreement with experimental impact damage. Furthermore the versatility of 
the impact FE model in predicting low-velocity impact damage to an 
acceptable accuracy for several different laminate parameters has also been 
shown. This is important because an impact FE model capable of predicting 
impact damage accurately is a prerequisite to an accurate prediction of CAI 
strength in an integrated FE approach.  
The following summarizes the key findings from the parametric studies: 
 The low-velocity impact damage pattern observed in CFRP 
laminates made up of thin plies of ply thickness about half that of 
standard plies is significantly different from the damage pattern 
observed in standard ply laminates. In thin ply laminates, 
delaminations are found to be most extensive in the interfaces 
nearer the mid-plane. This is in contrast to delaminations in 
standard ply laminates in which delamination areas generally 
increase away from the impact face such that the interface 
furthest from the impact face sustains the largest delamination. 
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Saito et al. [168] explained that such a unique damage pattern 
observed in thin ply laminates was due to a ply thickness 
threshold of 0.04mm in which cracks can propagate. However, in 
the FE model used in this research, the ply thickness for the thin 
ply laminate was 0.07mm, exceeding that of the threshold value 
for crack propagation to occur of 0.04mm proposed by Saito et al. 
[168]. Despite this, the same phenomenon of delaminations being 
most extensive in the interfaces nearer the mid-plane was still 
observed in Model B. 
 Composite laminates with 45o surface ply sustains smaller 
delamination damage and greater matrix cracks as compared to 
composite laminates with 0o surface ply.  If the composite 
laminates were infinitely large, such a difference in impact 
damage sustained would not be expected to occur, since the 
impact area is circular. The impact damage sustained would be 
the same regardless of surface ply angle. Hence, the observed 
difference in impact damage sustained between the two laminates, 
one with 0o surface ply and the other with 45o surface ply, is 
attributed to the effect of the boundary conditions, which arises 
because the laminate is sufficiently small.  
 Comparing impact damage in thicker laminates made up of a 
larger number of plies with thinner laminates made up of a 
smaller number of plies of the same individual ply thickness as 
the thick laminates, the delamination in each interface predicted 
by the FE model for the thick laminates was less extensive as 
compared to that predicted for thinner laminates. Stavropoulos et 
al. [171] explained that this observation was due to an increased 
threshold of higher impact energies for damage to initiate with 
increasing laminate thickness. Furthermore, in laminates where 
plies of the same orientation are grouped together, the total 
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delamination area is smaller than that in laminates without the 
presence of grouped plies, while the projected delamination area 
is greater than that in laminates without grouped plies.  Fuossa et 
al. [165] attributed the larger delamination area in laminates with 
grouped plies to the increased bending stiffness within the ply 
group, resulting in an increased stress concentration at the 
interfaces. Furthermore, grouped plies reduce the number of 
interfaces available for delamination, hence increasing the 
delamination area at the reduced number of interfaces.   
 When the relative angle between fiber orientations of adjacent 
plies are small (in this case a relative angle of 10o was used), 
delamination due to low-velocity impact was suppressed, while 
matrix cracks propagated more readily. This is markedly different 
from the low-velocity impact damage observed in quasi-isotropic 
laminates, in which delamination sizes are always observed to be 
approximately the same as the size of the matrix cracks adjacent 
to the delamination. Hong et al. [172]attributed this finding to the 
fact that delamination areas in a composite laminate subjected to 
impact is correlated to a bending stiffness mismatch between 
adjacent plies, and plies with a smaller difference in fiber 
orientation angle would experience a smaller bending stiffness 





Chapter 5  
FINITE ELEMENT SIMULATIONS OF CAI TESTS  
 
 Chapter 5 presents stage II of the research, where damage due to low-
velocity impact is pre-modeled into the finite element model for the 
prediction of residual compression after impact (CAI) strength. The CAI test 
is used to determine residual compressive strength of a laminate subjected to 
low-velocity impact.  
 For the prediction of CAI strength from a given impact damage 
pattern, a study on how the modeling of multiple delaminations found in 
impact damaged specimens would influence the residual CAI strength 
predicted is presented in this chapter. This study is aimed at identifying the 
main causes of the compressive strength reduction in impacted composite 
plates.  
Much research has been done to predict the CAI strength of impact 
damaged composites. However most attempts at predicting the residual CAI 
strength [73,173, 174] make the assumptions that delamination shapes and 
sizes are uniform in each interface, with the delamination shapes simplified 
to be either circular or elliptical. Another common assumption made in most 
CAI strength prediction studies is that delamination is the only dominant 
damage mode leading to the reduction of compressive strength of the 
composite laminate. The effect of other modes of damage and their 
interactions in an impacted CFRP laminate on the residual CAI strength is 
ignored. Such assumptions do not accurately reflect reality.  
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In this stage of the research, experimental data of the delamination 
and crack profile of an impact damaged composite obtained by I. Kimpara 
and H. Saito [3] was modeled approximately into the FE model, and the CAI 
strength of the experiment and simulation was compared.  The main 
difference distinguishing the approach used in this research for the FE 
prediction of CAI strength from other commonly used approaches reported 
in literature is the modeling of non-uniform delaminations representative of 
experimental impact-induced delaminations and matrix cracks, instead of 
simply modeling idealized delamination shapes and sizes without modeling 
the matrix cracks.  
 The objectives are to determine the dominant damage modes that 
have an influence on the residual CAI strength, and to ascertain whether 
matrix cracks play an important role in reducing the compressive strength of 
the CFRP laminate.  
 
5.1 Finite element models of CAI tests 
 The FE model used to simulate the CAI test is of the same formulation 
as the FE model used to simulate impact, as described in Section 3.2. The 
composite plies were modeled using 3D continuum shell elements SC8R with 
one element in the thickness direction, while the interface was modeled 
using a single cohesive element in the thickness direction. Each composite 
layer is 0.1875mm thick, and each cohesive element is 0.01mm thick. Tie-
constraints and surface-to-surface interactions were used in the FE model to 
prevent the interpenetration of the composite plies. This is demonstrated in 
Figure 44. The tie constraints used between the composite plies and interface 
layers would prevent them from interpenetrating each other. In addition, the 
surface-to-surface interaction between the composite plies would prevent 
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the cohesive thickness to be of a negative value, thus prevent the composite 
plies from penetrating each other. The material properties used in the FE 
model for the prediction of CAI strength are those of T800S/3900-2B, 
presented in Table 2. These material properties are used in order to compare 
the simulation results with the experimental results reported by Kimpara et 
al. [3]. Compression after impact tests are simulated by subjecting the FE 
model to in-plane compressive loads. To simulate compression, a unit 
displacement (1mm) in the negative y-direction is prescribed to nodes in the 
FE model that are lying on the red line shown in Figure 43. Nodes lying along 
the yellow line shown in Figure 43 are not allowed any translational 
displacements, i.e. U1= U2 = U3 = 0. Furthermore, nodes lying along the red 
line are not allowed any rotation about the x-axis. In addition, a small 
transverse nodal force (simulated by prescribing a displacement of 0.001mm 
in the out-of-plane direction) is applied at the center of the model to induce 











Figure 43 FE model for the prediction of CAI strength. The mesh is not shown 
in this figure because different meshes are used for this study, and the 










I. Kimpara and H. Saito [3] performed an experimental study on 
impact damage and the residual CAI strength. In this experiment, a quasi-
isotropic CFPR laminate made of the material T800S/3900-2B in a [-
45o/0o/45o/90o]2s stacking sequence was subjected to impact. The impactor 
used Information on the impact damage incurred is then extracted and a 3D 
damage distribution map was obtained. More details on the impact stage of 
the experimental study have been presented in Section 4.1.2 of this thesis. 
CAI test is then performed on the impacted specimen and the CAI strength is 
obtained and compared with the compressive strength of an undamaged 
specimen of the exact same dimensions and layup. The CAI test experimental 
set-up is shown in Figure 45. The dimensions of the FE models replicate that 
of the experiment, with a height of 50mm and a width of 43mm.  This 
experiment is used as a reference for the FE models built for the purpose of 
CAI strength prediction. A comparison of the CAI strength predicted by the 
different FE models built in this study with the experimental CAI strength is 
carried out. The experimental CAI strength is reported in Figure 46. As seen, 






Figure 45 CAI test experimental set-up, obtained from [3] 
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Figure 46 Experimental comparison of the residual CAI strength with 
compressive strength of an undamaged specimen, obtained from [3] 
 
 Seven different FE models, each with varying complexity of impact 
damage pre-modeled into the models, are used to study how the pre-
modeling of different impact damage types and patterns would influence the 
residual CAI strength predicted by the FE model. The purpose of these 
models is to determine whether increasing the complexity of the impact 
damage pre-modeled into the FE model for CAI strength prediction has a 
significant effect on the CAI strengths predicted. Since the experiment 
conducted by Kimpara et al. [3] is used as a benchmark to determine the 
accuracy of the CAI strength predicted by the FE models, the impact damage 
pre-modeled into the different FE models are modeled based on the impact 






















different ways of approximation of the impact damage observed from the 
experiment. 
The differences between the FE models built in this study for CAI 
strength prediction lie in the complexity of impact damage that is pre-
modeled into them, and can be broadly classified into two categories (Refer 
to Table 6): Models in which only delaminations are considered (Models A, B, 
C1, D and E1), and models in which both delaminations and matrix cracks are 
included (Models C2 and E2). These models can further be classified into two 
sub-categories: Models in which the delaminations included are of identical 
shapes and sizes throughout every interface within the model. These models 
are termed “uniform delamination models”. The second sub-category 
contains models in which the interfaces contain delaminations of different 
shapes and sizes. These models are termed “non-uniform delamination 
models”. With the exception of Models C1 and C2, all the models have a 
stacking sequence of [-45o/0o/45o/90o]2s, same as that of the laminate used 
in the reference experiment. 
Models A and B, both with uniform delaminations, are constructed to 
study the effect of simplified uniform delaminations on the residual CAI 
strength predicted by the FE models. Model A contains delaminations in 
every interface that span 16mm in height and 43mm in width, extending 
through the entire width of the model, seen in Figure 48(a). Model B contains 
centrally embedded 16mm by 16mm square delaminations in every interface, 
as seen in Figure 48(b). The dimensions of 16mm was chosen for both 
Models A and B because the projected delamination observed in the 
reference experiment [3] covered an approximate area of 16mm by 16mm, 
as seen in Figure 30(a). 
Models C1 and C2 is identical to Model B in terms of the delamination 
that is pre-included in the model. However, both Models C1 and C2 have a 
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stacking sequence of [90o/0o]4s instead of [-45o/0o/45o/90o]2s. Furthermore, 
Model C2 contains matrix cracks pre-modeled into it in addition to the 
centrally embedded square delamination. The purpose of Models C1 and C2 
is to study whether matrix crack interactions with delamination have any 
effect on the predicted CAI strength. The mesh used for Models B, C1 and C2 
with centrally embedded square delaminations is made up of regular square 
elements, as seen in Figure 49. In such a regular mesh, only horizontal and 
vertical cracks can be pre-modeled into the FE models. Since matrix cracks in 
each composite ply propagate along the fiber direction of that ply, only 0o and 
90o cracks can be modeled into the mesh, and hence the stacking sequence of 
Models C1 and C2 is chosen to be [90o/0o]4s.  
Unlike Models A, B, C1 and C2 which contain identical delaminations 
at every interface, the delaminations pre-modeled in Models D, E1 and E2 are 
non-uniform, as seen in Figure 52 and Figure 53 respectively. The 
delamination in Model D is modeled as closely as possible to those obtained 
from the experiments conducted by Kimpara et al. [3], while Model E1 
contains delaminations which progresses in each interlayer by a rotation of 
45o.  The delamination modeled in Model E1 is an approximation of the non-
uniform delamination profile observed from the experiments [3]. As seen in 
Figure 30(b), the delamination profile obtained from the experiments [3] has 
been reinterpreted in this current thesis where the delaminations can be 
approximated to progress in each interlayer by a rotation of 45o. Such an 
approximate non-uniform delamination profile is hence modeled into Models 
E1 and E2. The difference between Models E1 and E2 is that Model E2 has 
matrix cracks pre-modeled into it. Model E2 is constructed to study whether 
matrix crack interactions with delamination have any effect on the CAI 
strength predicted.  
Delaminations are modeled by degrading the cohesive elements’ 
stiffness to a negligible value, about 10-6 times that of the stiffness of an 
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undamaged cohesive element. For example, to model an embedded square 
delamination as shown in Figure 48(b), the stiffness of the cohesive elements 
lying within the area highlighted red in Figure 48(b) are degraded. The 
material properties of all other cohesive elements remain at their original 
values. Matrix cracks are modeled by nodes-separation. For example, to 
create a simple horizontal matrix crack as shown in Figure 47, the laminate is 
first modeled in two parts. The coinciding nodes at the edges of each part 
where the matrix crack is not supposed to exist are then merged to become a 
single node, as seen in Figure 47. The resultant model is a single laminate 
containing a matrix crack at the location where the nodes remain 
unconnected.  
 





Model A: Through-width 
delamination 
Model B: Embedded square 
delamination 





Model D: Exact delamination profile 
as observed in experiments are 
modeled 
Model E1: Delamination progressing 
in each interlayer by a rotation of 45o 
Delaminations 
and matrix cracks 
Uniform 
Delamination 
Model C2: Embedded square 




Model E2: Spiral delamination with 
matrix cracks 
 
Table 6 Different FE models for CAI strength prediction used in this study. All 
models have the same stacking sequence as the laminate used in the 




Figure 47 Pictorial representation of how matrix cracks are modeled 
5.1.1 Uniform delamination models without matrix cracks 
Two simple models (Models A and B) with uniform delamination are 
constructed; one with through-width delaminations (Figure 48(a)), and the 
other containing embedded square delaminations (Figure 48(b)). The 
purpose of these two models is to study the effect of a simplified 
delamination on the residual CAI strength of the laminate. The dimensions of 
the models replicate that of the dimensions of the laminates used in the 
reference experiment, with a height of 50mm and a width of 43mm. In Model 
A, a delamination 16mm in height and 43mm in width is modeled into The 
dimensions of the embedded square delaminations are chosen to be 16mm 
because as presented in Figure 30 in Section 4.1.2, the projected 
delamination from the reference low-velocity impact experiment covers an 
area of 16mm by 16mm. Furthermore, in majority of the studies available in 
literature involving the prediction of CAI, the delaminations shapes and sizes 
are simplified to be the same in every interface, and the delamination sizes 
are approximated to be that of the overall projected delamination area as 





Figure 48 Uniform delamination models with (a) through-width 
delaminations and (b) embedded square delaminations 
 




Figure 50 Buckled shape for Model A 
 
Figure 51 y-z view of buckled shape for Model B, with magnification of 20 
times in the z direction  
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An undamaged FE model with material properties that are those of 
T800S/3900-2B (Table 2) predicts a compressive strength of approximately 
580MPa. This is in close agreement with the experimental value of 601MPa 
as reported in Figure 46. Model A (uniform through-width delamination) 
predicts a CAI strength value of approximately 20MPa. The CAI strength 
predicted by Model B (uniform embedded square delamination) is 
approximately 250MPa, which is a little less than half that of the predicted 
undamaged compressive strength. This prediction is in closer agreement 
with the experimental CAI strength of 297MPa (Figure 46) than that obtained 
from Model A. Figure 50 above shows the final result of the buckled Model A. 
Figure 51 shows the buckled shape of Model B, with a magnification of 20 
times in the z-direction, so that the bulge due to the locally buckled area at 
the centrally embedded delamination is made obvious.  
 
5.1.2 Non-uniform delamination model without matrix cracks 
 It has been reported in [173] that the reduction in the CAI strength 
is dependent on various characteristics of the delamination, such as the 
size, the shape, the area and the position of the delamination. 
Furthermore, Obdržálek et al. recently performed a study on the 
applicability of simple delamination shapes in buckling analyses [74], and 
concluded that a representation of the shape of the delaminations that is 
as precise as possible is necessary for accurate analyses of the buckling 
and post-buckling behavior of delaminated plates. In this study by 
Obdržálek et al. [74], the authors concluded that the elliptic 
representation of an irregular shape of delamination may result in the 
reduction of the CAI strength predicted by more than 20%, as compared 
to the prediction obtained by considering the irregular shape of 
delamination as observed in experiments. As reported in Section 5.1.1, 
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Model B with the uniform embedded square delamination predicted a CAI 
strength of 250. As compared to the experimental CAI strength obtained 
by Kimpara et al. [3] of 297MPa, the simplified uniform square 
delaminations resulted in the reduction of the CAI strength prediction of 
more than 15%.  In view of these conclusions, non-uniform delamination 
models containing delamination profiles representing that obtained from 
the reference experiment are created.  
 Model D contains the approximate delamination profile modeled as 
closely as possible to those obtained in the reference experiment. The 
delamination shapes, sizes and locations that are modeled in each interface 
in Model D represents the delaminations observed in the impact experiment 
as precisely as possible. This is done by superimposing the delamination 
profile obtained from the experiment over the FE mesh, as demonstrated in 
Figure 52. For example, to model the delamination in interface 15, the 
stiffness of the cohesive elements that are contained within the dark orange 
area in Figure 52 is degraded. To model the delamination in interface 12, 














Figure 53 Pictorial representation of how delaminations are modeled in 













Figure 54 Modeling of spiral shaped delaminations progressing at 45o units as observed in the reference experiment in Models 
E1and E2 

















I. Kimpara and H. Saito concluded from their experiments that ‘a 
spiral-shape delamination progressed in each inter-layer, and their progress 
direction was rotated by a unit of 45 degrees. Transverse cracks progressed 
from the edge of delamination.’ [3] (Figure 27) Model E1 is created to 
represent this experimental finding of delamination progression in each 
interface, with a unit rotation of 45o in a simplified manner, instead of 
modeling the exact delamination profile as observed in experiments, as what 
was done in Model D. The purpose of this is to study the amount of damage 
details required in order to achieve an accurate CAI strength prediction. As 
shown in Figure 53 and Figure 54, Model E1 contains delaminations of the 
same shape and size at each interface, but the delaminations are interspersed 
at different locations in each interface. Figure 53 shows how the 
delaminations size and locations observed in the experiment are 
approximated and modeled into Model E1. Figure 54, consisting five 
successive cohesive layers, shows how the spiral shape delamination 
progressing at 45o units as observed in the experiment was modeled. The 
overall projected delamination area is idealized to be a circular area of 
diameter 16mm. The circular area is divided into 8 equal sections, and the 
experimental delaminations were approximated to fit into any of the sections 
that best represent the location of the delamination. The section that best fits 
the location of the experimental delamination observed will be the section in 
which the cohesive element stiffness is degraded to model delamination in 
the FE model.  
Unexpectedly, the CAI strength predicted by Model D and Model E1 
are exactly the same as the compressive strength predicted by the 
undamaged model. The buckled shape for Models D and E1 is also the same 
as that for the undamaged model, seen in Figure 55. It is hence hypothesized 
that in addition to delaminations, matrix cracks are important contributing 




Figure 55 Buckled shape for undamaged model. The same buckled shape is 
obtained from Models D and E1. 
 
5.1.3 Uniform delamination model with matrix cracks 
 
Figure 56 Delaminations located in the shaded region in the center of the 
composite plates, with (a) horizontal 0o matrix cracks (yellow) and (b) 




Models C1 and C2 are made of the same mesh as Model B, and both 
models contain embedded square delaminations of the same dimensions. 
However, the stacking sequence of Model E is [90/0]4S. This is because in 
such a regular mesh comprised of rectangular elements, only horizontal and 
vertical matrix cracks can be modeled using the technique described in 
Section 5.1 and Figure 47. Horizontal cracks are modeled into composite 
plies oriented in the 0o direction while vertical cracks are modeled into 
composite plies oriented in the 90o direction. 
An undamaged model with a [90/0]4S layup predicts a compressive 
strength of approximately 970MPa. Model C1 (embedded square 
delaminations without matrix cracks) predicts a compressive strength of 
approximately 400MPa while Model C2 (with matrix cracks) predicts a 
slightly lower compressive strength of approximately 360MPa. As observed 
in Figure 57, the matrix cracks allow for easier lateral deflection of each 
composite ply, leading to a reduced CAI strength. In the case of a model with 
only uniform delamination (Models A and B), such lateral displacement of the 
composite plies are not inhibited, leading to the prediction of a CAI strength 
that is almost half that of the undamaged model. However, when non-
uniform delaminations, which are more representative of realistic 
delaminations induced by impact, are modeled instead (Models D and E1), 
there is an inhibition of such lateral displacement of the composite plies, 
resulting in a high CAI strength predicted. In fact, the CAI strength predicted 
by Models D and E1 in this study is exactly the same as that of an undamaged 
model. These results support the hypothesis that the inclusion of cracks is of 


















Figure 57 FE results obtained for (a) Model C2 and (b) Model C1 
Cracks allow lateral 
deflection of the 
composite plies 
With Matrix Cracks 
(Model C2) 












5.1.4 Non-uniform delamination model with matrix cracks 
 
 
Figure 58(a) Pictorial representation of matrix crack modeling. The red lines 






Nodes in boxed area 
are merged 
Figure 58(b) Detailed example of how a -45o crack is modeled in a composite ply 
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For example, in order to model a matrix crack oriented in the ±45o 
direction, the mesh as seen in Figure 58 is employed. The composite ply is 
modeled using eight separate parts as seen in Figure 58. The coinciding 
nodes at which cracks do not exist are then merged.  
The cross-sectional damage information in the y-z plane (Figure 59(a) 
and (b)) is carefully compared with the delamination profiles (Figure 30) 
obtained in the x-y plane to determine the matrix crack locations by 
superposing the two damage information together. The method in which this 
is done is presented in Figure 59(c). As seen in Figure 59(c), a mesh is drawn 
onto the delamination profile for Interfaces 3 and 4. Eight units, each 1mm in 
width, are drawn in the x-direction. This is done because the laminate is cut 
into multiple cross-sections of 1mm thickness to obtain the internal impact 
damage information. 25 units are drawn in the y-direction. This corresponds 
to the same 25 units that can be observed in the y-direction in the y-z cross 
sections. Any red lines cutting across layers 3 or 4 are then superposed into 
the mesh drawn in the delamination profile. The 8 units drawn in the x-
direction and 25 units drawn in the y-direction would aid in locating the 
positions of the cracks.  
Using this method of determining the location and length of the matrix 
cracks, the matrix cracks profile is included into the delamination profile in 
Figure 60. Large matrix cracks having the same size as the delaminations 
adjacent to the cracks are found to lie in the fiber direction. Other smaller 
matrix cracks of less than 1mm in length are found in various other places. In 
the modeling of the matrix cracks, only the large matrix cracks are modeled 
in Model E2. The direction of the crack modeled in each composite ply was 
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direction 














16 layers in the thickness direction. 
Red horizontal lines between the 
layers indicate delamination while 












Figure 61 Example of the approximation of delamination (red) and matrix 
crack (yellow) size and position from experimental result into Model E2 
 
 
Figure 62  Stress-strain curve comparing experimental results 
to FE results 












Figure 63 y-z view of buckled Model E2, with each composite ply removed 
successfully to reveal the buckled shape of each composite ply 
  
 
y-z view of 
buckled shape 
for Model E2 
Magnification of 
5 times in the z-
direction 
Composite Ply 
1 removed  
Composite Plies 
1- 7 removed  
Composite Plies 











Figure 64 Composite Ply 3 of Model E2, showing that the 45o crack pre-




Figure 65 Cut view of the FE results from Model E2, showing that 




Figure 62 shows a comparison between the experimental results and 
the results predicted by the FE model. The nominal stress plotted in the y-
axis is obtained by dividing the compressive load applied by the cross-
sectional area over which the load is applied. While Model E1, which contains 
the exact delamination as Model E2, predicted a CAI strength that is identical 
to the compressive strength predicted by the undamaged model, Model E2 
predicted a CAI strength of approximately 400MPa after cracks are included 
in the model. As stated previously, the buckled shape of Model E1 is identical 
to that of an undamaged model, as shown in Figure 55. The buckled shape of 
Model E2 is shown in Figure 63. As seen in Figure 63, composite plies 1, 2 
and 3 (nearest the impact face) buckles the most extensively. Figure 64 
shows that the 45o matrix crack pre-modeled into Model E2 allows the lateral 
deflection of the composite ply to occur. Figure 65 shows a cut cross-
sectional view of the buckled Model E2, proving that interpenetration of the 
composite plies does not occur.  
This result confirms that modeling delaminations alone are 
insufficient for an accurate prediction of CAI strength; the modeling of matrix 




5.2 Parametric studies 
 A parametric study where the delamination sizes and crack lengths 
were varied was carried out. Three different crack lengths and delamination 
sizes were considered, and nine cases were tested in all. Figure 66 below 
summarizes the nine different cases of the parametric study.  
 
 
Figure 66 Summary of the nine cases considered in the parametric study 
 
 A delamination of radius 5mm is termed ‘small delamination’ (DS), a 
delamination of radius 8mm is termed ‘medium delamination’ (DM) and a 
delamination of radius 11mm is termed ‘large delamination’ (DL). The 
medium delamination size roughly equals the size of the delamination 
observed in the experiment. Similarly, a crack of radius 5mm is termed ‘small 
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crack (CS)’ and so on. The case with a delamination size and crack length of 
8mm (DMCM) is the same model as Model E2 used in Section 5.1.4.   
 For the FE models containing a small delamination (Models DSCS, 
DS,CM and DSCL), a variation in crack length did not have any effect on the 
predicted CAI strength, which remained constant at 480MPa. When the 
delamination size was increased to a medium delamination of radius 8mm, 
the predicted CAI strength decreased in general. For the cases with medium 
delamination (Models DMCS, DM,CM and DMCL), Model DMCS predicted a CAI 
strength of 440MPa while Models DM,CM and DMCL predicted identical CAI 
strength of 400MPa. The FE models containing a large delamination 
predicted different CAI strengths for all three different crack lengths. The 










Figure 67 Stress- strain curve from parametric study, showing the CAI 
strengths for models with medium and small delaminations 
 
 
Figure 68 Stress-strain curve from parametric study, showing the CAI 















It can be concluded from the results that a combination of the sizes of 
both the delamination area and the matrix crack modeled in the FE model 
affects the prediction of CAI strength. The modeling of matrix cracks in the 
CAI strength prediction models is crucial because the cracks allow for the 
lateral displacement of the delaminated areas, permitting local buckling to 
take place. As demonstrated by the results, the cracks make a difference only 
up to a length identical to the size of the delamination. Any extension in crack 
length beyond the delaminated area will have no effect on the CAI strength 
predicted because in the undelaminated regions, there is no need for any 






  Studies performed in this chapter have demonstrated the effect of the 
modeling complexity of the impact damage in the CAI strength prediction 
model on the accuracy of CAI strength prediction. It has been shown that the 
CAI strength obtained from FE models with multiple delaminations alone do 
not compare well with the experimental results, while models with multiple 
delaminations and matrix cracks provide a better prediction. Hence, the 
widespread acceptance that delamination is the major damage mechanism 
which causes the compressive strength of a composite laminate to decrease 
might be flawed. The following lists the main conclusions that can be drawn 
from this chapter: 
1. The idealization of delamination shape and sizes to be uniform 
throughout the interfaces in FE models for CAI strength prediction 
allows for the lateral deflection of the laminate under compression. In 
laminates containing delaminations of the same shape and size, lateral 
deflection at the delaminated areas is not inhibited, hence even when 
matrix cracks are not modelled, a CAI strength that is lower than the 
compressive strength of the undamaged material can be predicted. 
However, such an idealization of delamination shapes and sizes is not 
an accurate representation of a real-case scenario. 
2. The modeling of non-uniform delaminations representative of 
experimental impact-induced delaminations alone would lead to the 
prediction of an overly high CAI strength.  
3. The modelling of matrix cracks is critical for the accurate prediction of 
the CAI strength of an impact damaged laminate if the delaminations 
modelled are to be realistic (non-uniform delaminations). This is 
because the matrix cracks would allow for the lateral deflection of the 
laminate under compression. It can also be concluded that matrix 
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cracks formed due to an impact event plays an important role in 
reducing the CAI strength of a composite plate.  
4. From the parametric studies performed, it has been found that while 
matrix cracks play an important role in reducing the CAI strength of a 
composite plate, the delamination area is the limiting factor for crack 
length variation to have an effect on the CAI strength. Any extension in 
crack length beyond the delaminated area will have no effect on the 
CAI strength because in the undelaminated regions, there is no need 
for any allowance of lateral displacements of the individual plies. It 
can hence be concluded that matrix cracks play a crucial role in 
reducing the CAI strength of a composite plate only when the cracks 






Chapter 6  
INTEGRATED FE ANALYSIS FROM LOW-VELOCITY 
IMPACT TO CAI STRENGTH PREDICTION  
 
 This chapter presents the third and final stage of this research, which 
is the integrated approach in which the FE simulation for low-velocity impact 
is integrated with the FE simulation for the prediction of CAI strength. Such 
an integrated approach would allow for the direct prediction of CAI strength 
from the same impact damaged model without having to pre-include an 
idealized damage pattern into the CAI strength prediction model.  
 The purpose of this stage of the research is to enable the virtual 
testing of composites to be performed more efficiently. By having an 
integrated approach, the entire process, from impact damage to the residual 
CAI strength prediction, can ideally be captured in one seamless 
computational analysis procedure. Typically, the analysis of low-velocity 
impact and the residual CAI strength prediction is performed in two separate 
steps, involving cutting the impact damaged specimens to derive the impact 
damage profile and then idealizing the impact damage in the subsequent FE 
model for CAI strength prediction. 
Chapter 5 established the importance of modeling matrix cracks in a 
CAI strength prediction model in addition to the modeling of the multiple 
delaminations induced by low-velocity impact. However, modeling the 
impact induced damage into the CAI strength prediction model can be a time-
consuming and challenging process. This is due to the fact that low-velocity 
impact damage is rather complex, with different shapes and sizes of 
delaminations occurring at different interfaces, and different sizes and 
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directions of matrix cracks occurring in each ply. Furthermore, low-velocity 
impact damage is influenced by different parameters such as the ply layup, 
the thickness of the plies and the boundary conditions etc. A change in any 
parameter would lead to a different impact damage pattern and 
subsequently a different CAI strength.  
 Chapter 4 has sought to prove the versatility of the impact FE model 
created in this research in predicting low-velocity impact damage to an 
acceptable level of accuracy for several different impact scenarios. This 
impact FE model can hence be used in this integrated FE analysis for the 
prediction of CAI strength.  



















Figure 69 Steps in the integrated FE analysis 
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The FE model used for the integrated FE analysis simulates the 
laminate used in the experiment of Kimpara et al. [3], with a layup of [-
45o/90o/45o/0o]2s.  The experiment was described in Section 4.1.2.  
In the first step of the integrated FE analysis, low-velocity impact is 
simulated. The FE model used for the simulation of low-velocity impact is 
identical to that described in Section 4.1.2, and the results obtained by the FE 
model is presented in Figure 31. Restart output requests for the impact FE 
analysis has to be fielded in this first step of the integrated FE analysis. This 
restart information would be required in the import of damage information 
from the impact model to the CAI strength prediction model. In this model, 
restart information is requested every 10 increments in the FE analysis. A 
force-displacement curve for the impacted composite laminate is then 
plotted, as shown in Figure 70. The force plotted in the y-axis is the force 
exerted by the impactor on the composite laminate in the thickness direction. 
This force is caused by the displacement prescribed to the impactor, 
simulating quasi-static impact. As described in Section 3.2, the impactor is 
modeled as a rigid body with infinite stiffness, and is constrained to move 
only in the z-direction, or the thickness direction of the laminate. The impact 
process is modeled by prescribing a displacement instead of a velocity to the 
impactor since low-velocity impact can be considered a quasi-static process 
[12]. The displacement plotted in the x-axis of the force-displacement curve 
(Figure 70) is the z-direction displacement of the impactor, which is 
equivalent to the displacement of the point on the laminate that is in direct 
contact with the impactor. The area under the force-displacement curve 
would be equivalent to the impact energy.  
The equation of the force-displacement curve plotted can be obtained 
using Microsoft Excel, as shown in Figure 70. A simple Matlab code written 
for this research is then used to determine the displacement at a particular 
impact energy of interest. However, in this impact case, the maximum impact 
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energy attained by the FE model was 1.2J, which corresponded with an 
impactor displacement of 1.42mm. In other words, at a displacement of 
1.42mm along the x-axis of the force-displacement curve presented in Figure 
70, the area under the curve is equivalent 1.2J. The reason that maximum 
impact energy attained by the FE model is only 1.2J is expounded in Section 
6.2. The post-impact damage state at this particular displacement of 1.42mm 
is then obtained from the impact FE simulation of the laminate with a 
stacking sequence of [-45o/90o/45o/0o]2s. The impact damage obtained due 
to the impact energy of 1.2J has been presented in Figure 31.  
During a low-velocity impact event, the impactor velocity at the point 
of impact is gradually reduced as its movement is opposed by the deforming 
composite laminate. This deceleration is associated with a reaction force on 
the impactor. At this point of time, stresses are induced in the composite 
laminate. The kinetic energy of the impactor is transferred to the laminate 
and stored temporarily as elastic strain energy. If the local strength of the 
material is reached, part of this energy would be dissipated through 
irreversible impact damage. After the impactor velocity reaches zero, the 
major part of the accumulated elastic strain energy is then transferred back 
to the impactor which accelerates away from the specimen. However, since 
low-velocity impact is simulated as a quasi-static process by prescribing a 
displacement instead of a velocity to the impactor, the process in which the 
impactor accelerates away from the laminate is not captured in this FE 
simulation.  This process is simulated in the second step of this integrated FE 
analysis by removing the stresses in the damaged model, retaining only the 
damage information such as the matrix cracks, delaminations and fiber 
failure. The laminate thus returns to its original position.  
In the final step of the integrated FE analysis, the damaged model 











6.2 Results and discussions 
 As seen in Figure 71, the CAI strength predicted by the integrated FE 
analysis is approximately 430MPa. This is almost 40% above the 
experimental value. An obvious reason for this over prediction of CAI 
strength value by the integrated model is that the integrated model was 
prescribed an energy of 1.2J, while the experimental impact energy was 6J. In 
all the impact simulations run in this current research, the area under the 
force-displacement curve would correspond to an impact energy of 
approximately 0.4J/mm. Herein lies the shortfall of the current impact FE 
model. In this current impact model, the simulation will not converge once a 
drop in force is experienced, as shown in the impact force-displacement 
curve in Figure 70. The divergence is due to an out-of-plane hourglassing 
effect, in which the elements distort in a manner where the strains calculated 
at all integration points are zero, leading to an uncontrolled distortion of the 
mesh without stresses to resist the distortion. This problem could be solved 
by using solid elements instead of continuum shell elements. However, 
impact of a thin laminate would involve high levels of bending, and to 
accurately model bending dominated loading of a model meshed with solid 
elements, more than three elements in the thickness direction has to be 
employed to overcome the shear-locking effect that solid elements display 
under bending. The extensive number of solid elements would increase 
computational costs significantly. An FE model of a laminate of the same 
layup of [-45o/90o/45o/0o]2s, was built using 3 solid elements per ply in the 
thickness direction. However, after two weeks of runtime, the impact 
simulation only attained an impactor displacement of 0.5mm. The FE model 
meshed using solid elements was hence pursued no further as the runtime 







Figure 71 Stress-strain curve comparing the CAI strength predicted using the 
integrated FE approach with that predicted using the CAI strength prediction 
model with pre-modeled delaminations and cracks 
  
As reported in Figure 71, the compressive strength of an undamaged 
laminate predicted by the FE model is approximately 570MPa, an 
underestimation of close to 5% as compared to the experimental value. A 
possible cause of the underestimation might be the way damage is modeled 
in the FE model, described in Section 3.1.1.2. Once an element is deemed to 
have completely failed, the material properties are degraded to zero. 
However, in a real-case scenario, a failed material would still be able to 
withstand and transfer loads in compression instead of having totally 







It has been reported in various studies regarding thin ply composites 
that reducing the thickness of the composite ply would improve the impact 
damage resistance properties of the laminates and lead to an increase in the 
CAI strength. In [63], Saito et al. investigated on the effect of ply-thickness on 
impact damage morphology in CFRP laminates. The laminates used were of 
layups [45o/0o/-45o/90o]3s for the laminates with a standard thickness of 
0.147mm per ply, and [45o/0o/-45o/90o]12s for the thin ply laminates, of 
0.038mm per ply. They reported an increase in CAI strength of 23% for the 
thin-ply laminates. In [169], Yokozeki et al. studied the strength and damage 
resistance properties of thin-ply composite laminates under impact. The 
thin-ply prepregs used in this study was approximately half the thickness of 
that of the prepregs with standard thickness. The laminate layups used were 
[45o/0o/-45o/90o]2s for the standard laminates, and [45o/0o/-45o/90o]4s for 
the thin-ply laminates. An eight percent increase in CAI strength in the thin-
ply laminate was reported. 
In order to check if the integrated FE model is capable of predicting an 
increase in CAI strength of a thin-ply laminate, the CAI strength of two other 
composite layups were predicted using the integrated FE model. The first 
had a layup of [0o/45o/90o/-45o]s  (Model A in Section 4.3), with a thickness 
of 0.125mm per ply and a total ply thickness of 1.07mm inclusive of cohesive 
ply thicknesses. The second had a layup of [0o/45o/90o/-45o]2s (Model B in 
Section 4.3) with a ply thickness of 0.07mm, more than half that of the first 
model. Both models were subject to an impact energy of 0.42J. The CAI 
strength predicted for the first model was approximately 240MPa, while that 
predicted for the thin-ply model was approximately 270MPa. The thin-ply 
Model, Model B, predicted a CAI strength that is 12.5% more than that 
predicted by Model A. This is in closer agreement to the results reported by 
Yokozeki et al  [169], who reported an 8% increase in CAI strength of thin ply 
laminates as compared to the CAI strength of standard ply laminates. In their 
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study, the thin ply laminates used were approximately half the thickness of 
standard ply laminates.  
To the author’s knowledge, the only report found in literature on the 
simulation of impact tests followed by CAI tests consecutively was written by 
González et al. in their paper “Simulation of drop-weight impact and 
compression after impact tests on composite laminates” [175] published in 
2012. In this paper, the researchers presented their finite element 
simulations of two standardized and sequential tests, the impact and 
compression after impact tests, performed on composite laminates. The main 
differences between their work and the current FE model presented are 
summarized as follows: 
 Impact was assumed to be a quasi-static event in the FE model used in 
this research, which could be modelled using Abaqus/Standard. The 
impact event was simulated by prescribing a displacement to the 
impactor. However, the impact event was modelled using 
Abaqus/Explicit in González et al.’s FE model, and the impactor was 
assigned an initial velocity instead of a displacement. In this research, 
the impact event was modeled as a quasi-static process using 
Abaqus/Standard instead of using Abaqus/Explicit in order to reduce 
the runtime of the simulations. Generally, the use of Abaqus/Explicit 
is computationally more expensive than Abaqus/Standard. 
 In González et al.’s FE model, a regular mesh with identical elements 
was used to model the laminate around the locus of impact. The 
researchers recognized the fact that the use of in-plane structured 
meshes oriented with the fiber direction poses clear advantages, but 
has chosen not to use meshes oriented with the fiber direction in 
order to achieve a well-balanced compromise of required and 
available computer resources. In the FE model used in this research, 
the biased mesh used in which the elements were arranged in a 
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circular manner outward (Figure 18) was structured in such a way 
that the edges of the elements correspond to the fiber orientation for 
improved prediction of the matrix crack paths. A biased mesh was 
chosen such that the elements near the point of impact are smaller in 
size compared to the elements at the edges of the laminate. Such a 
mesh serves to save on the computation runtime.  
 The interlaminar damage model used for the prediction of 
delamination initiation and growth is the same in both FE models, 
where the constitutive law enforces a linear softening relationship 
between the traction and separation at the interface. The constitutive 
law is based on the B-K criterion described in Section 3.1.1.2. 
However, the intralaminar damage model used in González et al.’s FE 
model is superior to that used in the FE model of this research 
because González et al.’s model accounts for crack-closure effect 
under load reversal conditions. In their FE model, damage caused by 
tension loads is tracked separately from damage caused by 
compression loads through the use of different degradation factors. 
However, their paper does not detail how the crack closure effects are 
being accounted for.  
 Impact and CAI test simulations carried out by González et al. were 
performed on 32-ply laminates. The simulations were performed 
using multiple processors on separate computers, in which 
Abaqus/Explicit automatically breaks the FE model into separate 
domains and assigns each domain to a processor such that analysis is 
carried out independently in each domain. At the end of the analysis, 
the individual files are merged together automatically. Each 
simulation is run parallelly in a total of six linked computers, each 
with 8GB RAM and four processors of 2.4GHz. The total runtime 
analysis of the impact and CAI tests is reported to range between 
twelve to fifteen days. The FE simulations reported in this thesis are 
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run using a single computer with 48GB RAM and 12 processors of 
3.46GHz. The total runtime for a 16-ply laminate was an average of 
about two days. The significantly longer simulation runtime for 
González et al.’s model was due mainly to the fact that 
Abaqus/Explicit, in which very small time increments of order 1e-9s 
are required, was used to run the simulation. However a low-velocity 
impact event is considered long in time, of the order 5e-3s. Hence, a 
large amount of increments are required before the simulation is 
complete. The advantage of using Abaqus/Explicit in González et al.’s 
model is that it enables the researchers to study the impact event in 
great detail, such as the comparison of numerical and experimental 
impact force versus time curve. This model also allows for the study of 
the energy dissipated in relation to each different damage mode 
occurring in the laminate due to an impact event, because in this 
model, the researchers could split the entire energy of the system into 
different energy components such that the role each damage mode 
plays at any time of the impact event can be identified. Such studies 
would enable the researchers to have a better understanding of the 
behaviour of a composite laminate under impact. While the FE model 
devised in this current research is incapable of studying the impact 
event to such details, an advantage of the FE model used in this thesis 
over the FE model devised by González et al. is the short simulation 
run-time. To this effect, these two integrated FE models could 
complement each other. When the priority of the researcher is to 
better understand the damage process occurring during an impact 
event, González et al.’s integrated FE model could be used; when the 
priority of the researcher is to predict the CAI strength value due to an 





In Chapter 6, an integrated approach which integrates the FE 
simulation for low-velocity impact with the FE simulation for the prediction 
of CAI strength was presented. The feasibility of capturing the entire process 
of low-velocity impact damage and the residual CAI strength prediction in 
one seamless computational analysis procedure without having to pre-
include an idealized damage pattern into the CAI strength prediction model 
has been proven. 
The following points summarize the key features of the integrated 
model: 
 The integrated FE analysis consists of three steps. In the first step, 
low-velocity impact is simulated. Force and displacement data is 
extracted from this step, and a force-displacement curve for the 
impacted composite laminate is plotted. 
 The equation of the force-displacement curve is obtained using 
Microsoft Excel. The area under the force-displacement curve is 
equivalent to the impact energy, and a Matlab code is used to 
determine the displacement at a particular impact energy of interest.  
 The second step of the integrated FE analysis involves the removal of 
stresses in the damaged model, retaining only the damage 
information. This step accounts for the acceleration of the impactor 
away from the laminate that is not captured in this quasi-static FE 
simulation.  
 The final step of the integrated FE analysis simulates the compression 
of the impact-damaged laminate, predicting the resultant CAI strength. 
 
While the feasibility of capturing the entire process of low-velocity 
impact to CAI strength prediction in one seamless computational analysis 
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procedure without having to pre-include an idealized damage pattern into 
the CAI strength prediction model has been proven, this integrated FE model 
is limited by a shortfall in the current impact FE model. Currently, the 
integrated FE model can only be applied in low-velocity impact cases with 
impact energy up to 0.4J/mm. To improve on the integrated FE model, solid 
elements with more than three elements in the thickness direction have to be 
employed. However solid elements were not used in this study because of the 
large computational demands.  
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Chapter 7  
CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK  
 
 A novel integrated finite element analysis approach for the prediction 
of compression after impact (CAI) strength of CFRP laminates has been 
presented in this thesis. In this approach, an impact FE analysis is first 
performed to predict the progressive impact damage incurred in a CFRP 
laminate due to low-velocity impact. Subsequently, the same impact 
damaged FE model is compressed to obtain the resultant CAI strength value.  
Running simulations of impact followed by simulations of CAI tests 
consecutively would lead to a more realistic prediction of the CAI strength, as 
compared to the CAI strength predicted from models with idealistic 
delamination patterns pre-modeled into the CAI strength prediction model. A 
reliable FE model for the consecutive simulation of impact damage due to 
low-velocity impact and CAI tests is critical and of great interest because it 
would be a less expensive avenue for designers as opposed to experimental 
tests.  
This approach is still in its infancy stage, and with further research, it 
has the potential to be developed into a CAI strength prediction tool that 
allows for the user to obtain a predicted CAI strength value by specifying the 
impact energy, together with the composite laminate parameters and 




 The following conclusions can be drawn from this research: 
 Stage I of this research involves the development of an impact FE 
model with the capability of predicting progressive impact damage to 
an acceptable accuracy. Even though FE prediction of impact damage 
is a topic that has received widespread attention and research, 
developing an FE model for impact is mandatory in this current 
research in order for the integrated FE analysis approach to be 
implemented.   
 Chapter 3 has shown that a hybrid maximum-stress and Tsai-Wu 
failure criterion, or a Hashin failure criterion works well for the 
prediction of in-plane damage initiation.  The cohesive elements 
available in Abaqus, which predict damage initiation using a 
quadratic failure criterion, are used in the modeling of delaminations. 
It has been shown that a linear softening law has to be implemented 
in the modeling of damage progression in order for the FE model to 
provide an accurate impact damage prediction.  
 A mesh composed of smaller elements around the point of impact and 
larger elements towards the edge of the model has been proven to be 
computationally more efficient than a mesh composed of uniform 
elements.  
 In chapter 4, the impact FE model developed has been verified to be 
capable of predicting impact damage to an acceptable level of 
accuracy via a qualitative comparison of the impact damage 
prediction to experimental impact damage reported in literature. 
Furthermore the versatility of the impact FE model in predicting low-
velocity impact damage to an acceptable accuracy for several 
different laminate parameters has also been proven. This is 
important because an impact FE model capable of predicting impact 
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damage accurately is a prerequisite to an accurate prediction of CAI 
strength in this integrated FE approach proposed.  
 Chapter 5 concludes that the modeling of matrix cracks is critical for 
the accurate prediction of the CAI strength of an impact damaged 
laminate, if the delaminations modeled are to be representative of 
impact damage induced delaminations that occur in real case 
scenarios. It has also been established in this chapter that the matrix 
cracks formed due to an impact event plays a crucial role in reducing 
the CAI strength of a composite laminate; delamination alone is not 
the major damage mechanism that reduces the compressive strength 
of a composite laminate. 
 Parametric studies performed in Chapter 5 has shown that while 
matrix cracks play an important role in reducing the CAI strength of a 
composite laminate, the delamination area is the limiting factor for 
matrix crack length variation to have an effect on the CAI strength. 
Any extension in crack length beyond the delaminated area will have 
no effect on the CAI strength. It can hence be concluded that matrix 
cracks play a crucial role in reducing the CAI strength of a composite 
plate only when the cracks lie within the delaminated area of the 
composite plate.  
 The import analysis function available in Abaqus has been proven to 
be a viable method used in integrating the FE impact analysis 
together with the CAI strength prediction analysis. However, due to 
the fact that the impact analysis is a quasi-static analysis simulated by 
prescribing a displacement to the impactor, an intermediate step has 
to be implemented to release all the stresses in the impacted FE 
model and to return the out-of-plane displacement of the laminate to 
zero, retaining only the damage information such as the matrix cracks, 
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delaminations and fiber failure.  This would prevent global buckling 
of the laminate in the CAI strength prediction step. 
 
7.2 Recommendations and future work 
 
 The recommendations for future research are summarized below: 
 In the integrated FE analysis presented in this thesis, an intermediate 
step in which the stresses and out-of-plane displacement are reduced 
to zero was implemented. As a result, the impact damaged FE model 
on which the CAI test was performed contained only damage 
information such as the matrix cracks and delaminations, 
disregarding any permanent indentation that might be present in a 
real-case scenario. Post-impact permanent indentation has been 
successfully modeled by various researchers and presented in [66, 70, 
176]. These models that could capture post-impact permanent 
indentation could be implemented in the current integrated FE model, 
in order for a more realistic impact damage and hence a more 
accurate value of CAI strength to be predicted.  
 In the early stages of this research, a fiber kinking model proposed by 
Pinho et. al. [118, 134] was implemented in the FE model. However, 
the implementation of this fiber kinking model had no effect on the 
impact and CAI strength results. This is due to the fact that in this 
model, the fiber misalignment angle is deduced by solving an iterative 
equation involving XC, and this would yield the same result as the 
direct usage of XC in a failure criterion, which is used in the current 
model. In the current model, the material properties of the composite 
plies are degraded to zero once the material fails. However, this does 
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not accurately represent a real-case scenario of compressive failure 
since the failed material would still be able to carry and transfer some 
loads under compression. Hence, the FE model would tend to provide 
an under prediction of CAI strength. The amount of residual stress 
that a failed material can carry under compression is still uncertain, 
and further research could be carried out in this area to be 
implemented in the FE model to enable a higher accuracy of CAI 
strength prediction. 
 In this study, the efficacy of the integrated FE model has been proven 
through qualitative comparisons of impact damage and CAI strengths 
with experiments. Subsequently, quantitative verification of the 
model could be performed by specifying the same impact energy used 
in experiments to the FE model. In order to do so, solid elements have 
to be employed and high computational costs would be incurred.  
 This integrated FE model has the potential to be sufficiently versatile 
in terms of enabling users to study the effect of different impact 
parameters on the CAI strength and to better understand how each 
impact parameter affects the damage tolerance of composite 
laminates. For example, laminate parameters such as the thickness of 
the laminate, the boundary conditions and the ply sequence and 
impact parameters such as impact energy and impact location [82] 
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